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Abstract 
For injury screening to effectively identify individuals with at-risk behaviours, risk factors 
should be identified and validated carefully through appropriate prospective study designs. In 
the context of injury prevention in sport, the main aim of screening is to draw a line between 
those who are at risk of getting injured and those who are not. In order to effectively screen 
for anterior cruciate ligament (ACL) injury risk, injury screening should not be based on a 
singular observation in a single task as it is unlikely to effectively identify those who are at 
risk with acceptable sensitivity and specificity. Observations of ACL injury could be evaluated 
through a more mechanism-informed risk factors as this may provide a better justification of 
an individual’s movement pattern. If an individual who is at risk would demonstrate a 
particular behaviour across different tasks, this collection of variables characterising an 
individuals’ at-risk behaviours across tasks could form an individual’s “movement signature”. 
This thesis therefore aimed to critically evaluate the biomechanical risk factors for non-contact 
ACL injury during dynamic sporting activities and to explore some novel approaches to 
characterising movement characteristics for screening. 
Through a systematic review, the first study in this thesis critically evaluated the current 
research trends on the in vivo biomechanical risk factors of the ACL injury in dynamic 
activities and identified a lack of high quality (level 1), prospective evidence. Only one 
prospective cohort study was identified; therefore, more prospective cohort studies are 
required as research since the time of this systematic review did not provide further 
prospective evidence. Study two sought to develop more prospective evidence but 
unfortunately no ACL injuries were observed therefore, no new biomechanical risk factors for 
ACL injury could be identified. Utilizing the data collected from the prospective cohort, study 
three led to the development of a novel approach of injury screening by verifying the existence 
of individual movement signatures. The task-invariant movement signatures were also able to 
identify at-risk movement behaviour. Further exploration of mechanism informed multi-
planar variables in study four showed that task-invariant movement signatures also exist in 
multi-planar variables, and may better inform at-risk behaviours.   
This thesis has furthered the understanding of biomechanical risk factors and moved towards 
the development of more effective injury screening tools. 
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1.0 Background 
Excessive dynamic loads or forces experienced by the knee beyond its capability can cause 
injury, particularly to the ligament. In highly demanding sporting activities, anterior cruciate 
ligament (ACL) injury is one of the most debilitating (Agel, Evans, Dick, Putukian, & 
Marshall, 2007; Bjordal, Arnly, Hannestad, & Strand, 1997).  In the United Kingdom alone, 
2836 cases of ACL injury were registered by the National Ligament Registry in 2016 (Gabr, 
De Medici, & Haddad, 2017) and around half of these patients then had a surgical ACL 
reconstruction.  The cost of ACL reconstruction is ~£3000 - £3500 if performed through the 
National Health Service, and higher in private hospitals (estimated to be between £3500 - 
£11000) (“How much does an... ACL reconstruction cost”, 2017). The high incidence of ACL 
injury is not only devastating in itself but it can also have long-term effects such as knee 
osteoarthritis (Fu & Lin, 2013; Louboutin et al., 2009). The consequences of an ACL injury 
not only affect a patient’s health and quality of life, but due to the long recovery time and high 
cost of surgery, it also has a heavy economic burden and wider societal impact (Mather et al., 
2013). ACL injuries therefore present both a relevant financial and scientific challenge.  
The main role of the ACL is to stabilize the knee by restraining forward movement of the tibia 
and prevent rotational load to the knee (Bicer, Lustig, Servien, Selmi, & Neyret, 2010). Up to 
70% of primary ACL injuries are non-contact in nature and typically happen during rapid 
dynamic activities such as sudden stops, changes of direction, jump landings, pivoting, 
decelerating and side cutting manoeuvres (Boden, Dean, Feagin, & Garrett, 2000; Yu & 
Garrett, 2007). Furthermore, females have generally been observed to have more ACL injuries 
than males (Agel, Arendt, & Bershadsky, 2005; Messina, Farney, & DeLee, 1999; Tranaeus, 
Gotesson, & Werner, 2016) however, it is still unknown if the injury mechanism between 
females and males are similar. It is well established that ACL injuries are multi-factorial, 
including hormonal, genetic, anatomical, neuromuscular and biomechanical factors (Shultz et 
al., 2012). By screening risk factors, this could hopefully intervene and prevent injury 
occurrence (D. A. Padua et al., 2015) although this is not guaranteed (Smith et al., 2012). 
Eventhough it may seem like a lot of work has been done in this field, ACL injury rates are 
not declining (Agel, Rockwood, & Klossner, 2016); therefore, more effective screening is 
needed to prevent ACL injuries from occurring.  
Over the last decade, a large number of studies have used in vivo biomechanical methods to 
investigate risk factors between specific biomechanical parameters and risk of non-contact 
ACL injury. Risk factors are predictive parameters established from prospective cohort 
studies, where the parameters showed meaningful differences between ACL injured athletes 
compared to uninjured athletes. One advantage of focussing on biomechanical risk factors is 
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that they are modifiable (Lephart et al., 2005; Myer, Ford, Palumbo, & Hewett, 2005). As 
such, some injury prevention programs may be able to effectively reduce the risk of injury, 
though these prevention programs have typically been sex-specific, sport focused, within 
certain populations, for a certain level of play, or often including multiple training 
components, which makes injury prevention programs almost impossible to replicate 
(Monajati, Larumbe-Zabala, Goss-Sampson, & Naclerio, 2016; Taylor, Waxman, Richter, & 
Shultz, 2015). Similarly, positive outcomes might be limited or not detectable, possibly 
explaining why in some previous studies no significant changes in ACL injury rates were seen 
(Myklebust et al., 2003; Pfeiffer, Shea, Roberts, Grandstrand, & Bond, 2006; Steffen, 
Myklebust, Olsen, Holme, & Bahr, 2008). The challenge of identifying individuals at risk of 
ACL injury is substantial because of low injury rates and a lack of predictive power of existing 
individual risk factors (Bahr, 2016). In an attempt to move this field of work forwards, we 
identified three important directions at the outset of the work presented in this thesis: (1) there 
was a perception that more prospective data on biomechanical injury risk was needed, (2) 
there was the belief that the traditional approach in terms of how to establish biomechanical 
risk was in need of a paradigm shift in search of more effective screening modalities, and (3) 
the multi-planar mechanisms of injury require multi-planar risk observations rather than the 
traditional uni-planar observations. Each of these directions will be briefly introduced below. 
Despite many studies describing “risk factors”  there has been a misconception that there are 
a large number of prospectively-informed biomechanical risk factors for non-contact ACL 
injury (Hughes, 2014). However simply associating risk factors to ACL injury is not 
equivalent to identifying new biomechanical risk factors. Many typically observed parameters 
include smaller knee flexion angle, bigger knee abduction moment, bigger knee abduction 
angle and bigger knee extension moment at key events e.g. initial contact, take-off or at their 
maximum extent (Hughes, 2014), but most of these are undesirable movement characteristics 
rather than prospectively-informed risk factors. Therefore, a review and quality assessment of 
existing biomechanical studies was needed, as well as further prospective evidence to both 
identify and extend what we know about the risk factors for ACL injury.    
The use of biomechanical variables for screening or injury prediction purposes has focused 
on using a single variable in a single task. There is often no wider consideration of an athlete’s 
behaviour across tasks or whether multiple variables across multiple tasks show an athlete to 
be at risk. Perhaps by evaluating commonalities of at-risk behaviour across tasks one might 
be able to identify with greater certainty those individuals who really are at increased risk of 
injury compared to their peers. If a risk factor were more representative of the individual’s 
generic movement strategy, i.e. denoting a signature of their generic behaviour, then that 
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would provide a stronger justification for movement patterns than a risk factor that only 
reflects an individual’s strategy to performing one specific task. In other words, a risk factor 
that can consistently identify high-risk individuals regardless of which task they are doing 
would be considered more robust for screening purposes. However, this approach to risk 
identification has not been applied before.  
It is well established that non-contact ACL injuries do not occur through motion and loading 
in a single plane (Donnelly et al., 2012; McLean, Huang, Su, & Van Den Bogert, 2004; 
Quatman, Quatman-Yates, & Hewett, 2010) however, all established biomechanical risk 
factors have been uni-planar observations. Observing multi-planar loading during dynamic 
movements could potentially provide a more mechanism-informed screening process.  
In summary, many studies appear to have identified biomechanical risk factors but which risk 
factors are prospectively-informed and the appropriateness of these risk factors for identifying 
individuals at risk is unclear. The work presented in this thesis provides new insights into our 
understanding of biomechanical risk factors for ACL injury in dynamic sporting activities by 
providing a new task-invariant approach to screen for ACL injury risk that could lead to a 
paradigm shift in search of more effective screening modalities. Moreover, by observing 
multi-planar variables, better informed mechanism-related injury screening should be 
considered rather than observing traditional uni-planar observations. A better justification of 
an individual’s at-risk movement behaviour is vital for researchers and practitioners to 
develop more effective injury screening. As such, the work presented in this thesis reflects a 
critical and rigorous attempt to obtain a better understanding of biomechanical risk of non-
contact ACL injury, ultimately helping the field forward towards improved screening and 
prevention.   
 
 
 
 
CHAPTER 2 
Literature Review 
This chapter aims to review the research evidence relating to biomechanical risk 
factors for non-contact anterior cruciate ligament injury. The review will cover 
(i) the epidemiology of non-contact ACL injuries, (ii) the framework of injury 
prevention, (iii) mechanisms of non-contact ACL injury in dynamic activities, 
(iv) screening methods used to predict ACL injury and lastly (vi) the 
biomechanical risk factors of non-contact ACL injury 
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2.1 Epidemiology of non-contact ACL injury 
2.1.1 Anatomy of ACL 
One of the biggest and most intricate joints in the body, the knee; is surrounded by the femur, 
patella, tibia and fibula. The femur and tibia are connected at the knee joint by the knee 
ligaments. Ligaments are tough, flexible fibrous connective tissue which connect bones 
together. The knee joint consists of four main ligaments (Figure 2.1) that keep the knee within 
its normal range of motion; (i) anterior cruciate ligament (ACL), (ii) posterior cruciate 
ligament (PCL), (iii) medial collateral ligament (MCL) and (iv) lateral collateral ligament 
(LCL).  
 
 
Figure 2.1 Frontal view of the knee ligaments and meniscus. 
 
Permission has been granted to reproduce the image.  Copyright 2003-2004 University of Washington. All rights reserved 
including all photographs and images. No re-use, re-distribution or commercial use without prior written permission of the 
authors and the University of Washington. 
  
The ACL connects the femur and tibia and is anteriorly situated in the knee joint. The ACL 
provides stability to the knee and prevents anterior tibial translation and rotational load (Bicer 
et al., 2010). Between 30o-90o knee flexion, the ACL absorbs 85% of the anterior translation 
load and 75% at full extension (Butler, Noyes, & Grood, 1980). It originates at the 
posteromedial surface of the lateral femoral condyle and attaches at its insertion on the anterior 
intercondylar fossa area on the tibia.  It is made up of the anteromedial bundle and the 
posterolateral bundle. Each of these bundles has its own function though several studies have 
observed the anteromedial bundle to be stronger (Butler et al., 1992; Duthon et al., 2006; 
Girgis, Marshall, & Monajem, 1975; Kweon, Lederman, & Chhabra, 2013). At 90 degrees of 
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knee flexion (Figure 2.2), the anteromedial bundle tightens while the posterolateral bundle 
slackens and vice versa during full extension (Bicer et al., 2010; Duthon et al., 2006; Markatos, 
Kaseta, Lallos, Korres, & Efstathopoulos, 2013). Younger specimen knees (~22-35 years old) 
have approximately 2200 N in tensile strength but lesser strength was seen in older adults 
and/or with repetitive loads (Noyes & Grood, 1976; Woo, Hollis, Adams, Lyon, & Takai, 
1991).  
 
 
Figure 2.2 Sagittal plane view of ACL bundle behaviour at knee (a) extension (b) 90o 
flexion. Anteromedial bundle in orange, posterolateral bundle in blue. 
 
Reprinted by permission from Springer Nature and Copyright Clearance Center: Springer Nature; Knee Surgery Sports 
Traumatology, Arthroscopy; Current knowledge in the anatomy of the human anterior cruciate ligament, Bicer et al. 2010. 
Copyright © 2009 
 
2.1.2 ACL injury incidence 
ACL injury is one of the most common in the sporting world other than injury to the ankle, 
face, or hamstring (Hootman, Dick, & Agel, 2007; Nielsen & Yde, 1989; Wong & Hong, 
2005). Annually, an estimation of 350,000 ACL reconstruction surgeries are performed in the 
United States (Nessler, Denney, & Sampley, 2017) and increasing number of ACL injuries 
are seen each year (Buller, Best, Baraga, & Kaplan, 2015). On account of the high cost of 
surgical ACL reconstruction, it does not only affect the individual’s health for their lifetime 
(Filbay, Culvenor, Ackerman, Russell, & Crossley, 2015) but is also a heavy economic burden 
to society (Mather et al., 2013). The high incidence of ACL injury itself is not only devastating 
but can also have long-term effects on the knees such as through osteoarthritis (Gianotti, 
Marshall, Hume, & Bunt, 2009; Lohmander, Ostenberg, Englund, & Roos, 2004; Neuman et 
al., 2008). Not only that, it could also impact an athlete’s sporting career as they would be 
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unable to compete for up to one year and when return (only 80%), they would rarely perform 
as well as they did prior to injury (Kester, Behery, Minhas, & Hsu, 2017).  
Up to 70% of ACL injuries occur during sport-related movements and do not involve any 
contact with other players (Boden et al., 2000; Griffin et al., 2000). They are most commonly 
seen in dynamic types of sport such as in football, netball, hockey, basketball and handball, 
with the incidence higher during competition than training sessions (Joseph et al., 2013; 
Walden, Hagglund, Werner, & Ekstrand, 2011). Many studies have shown that females are 
more likely to be injured than males by ~ 4-6 fold and their injury incidence rate during match-
play is also higher than males (Agel et al., 2005; Arendt & Dick, 1995; Renstrom et al., 2008; 
Walden et al., 2011). There are a number of possible reasons for this including a female’s 
build. Anatomically females typically have smaller ACL’s than males (Renstrom et al., 2008). 
The width and shape of the femoral notch is determined by the size and location of the ACL 
(Ireland, 2002; Sutton & Bullock, 2013) and evidence has suggested that a smaller femoral 
notch and smaller ACL leads to higher risk of injuring the ACL,  even regardless of sex 
(Renstrom et al., 2008; Sutton & Bullock, 2013). In addition, due to having a wider pelvis, 
females generally have a greater quadriceps angle (Q angle) than males (Nguyen & Shultz, 
2007; Woodland & Francis, 1992).  A bigger standing Q angle can result in an increased hip 
varus, knee valgus and foot pronation – a hazardous position for the ACL (Griffin et al., 2000; 
Nguyen & Shultz, 2007; Woodland & Francis, 1992). The greater incidence of non-contact 
ACL injuries in females has led to a concentration of studies involving females in the 
literature.  
 
2.2 Framework for injury prevention research 
In order to prevent the occurrence of an injury, systematic steps should be taken. In 1992, van 
Mechelen and colleagues developed one of the most cited models of sports injury prevention 
(van Mechelen, Hlobil, & Kemper, 1992), which was later advanced into the Translating 
Research into Injury Prevention Practice (TRIPP) framework (Finch, 2006). The progression 
and development of injury prevention research typically follows the stages within the 
framework. The four-step sequence model has been the foundation for many injury prevention 
researches including the more recent ACL-focused injury prevention framework proposed by 
Donnelly et al. (2012). In his ACL injury prevention framework, he provides more detailed 
stages in preventing an ACL injury (Figure 2.3). 
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Figure 2.3 Donnelly et al. (2012) non-contact ACL injury prevention framework 
 
Tailored from the TRIPP model (Finch, 2006), the first stage of the framework starts at the 
very beginning of the sporting activity itself with injury surveillance. Incidence, injury rates, 
and most common movements or tasks related to ACL injuries are observed and identified in 
the first stage. Stage 2 consists of identifying the injury mechanism and risk factors through 
in vivo, in vitro or in silico studies. Once these have been identified, a countermeasure 
development or a preventative measure to reduce the risk of the injury can be developed in 
Stage 3. Donnelly et al. (2012) proposed that several areas such as the technique and 
neuromuscular support should be concentrated on to decrease the biomechanical risk factors 
associated with ACL injury. Once countermeasures are established, a sport-specific or 
training-specific protocol can be developed (Stage 4). Once developed, the next step is to test 
this intervention in a ‘real-world’ environment (Stage 5) and evaluate how well the lab-based 
outcomes translate into the training environments. The next stage (Stage 6) is the maintenance 
of this intervention which may require future research to evaluate how well the intervention 
was accepted within the community. By the end of this stage, an evaluation of the targeted 
reduction of ACL injury rates should be the aim of the next assessment (Stage 1). Finally, if 
carefully followed, this framework may lead to reduced ACL injury rates (Donnelly et al., 
2012). This thesis is based within Stage 3 of Donnelly’s non-contact ACL injury prevention 
framework. 
 
Injury Surveillance 
(Stage 1)
Aetiology
1. In-lab
2. In vivo/Cadaveric 
3. In-silico 
(Stage 2)
Countermeasure 
Development 
(Stage 3)
Training Intervention 
"Ideal" Scenario 
(Stage 4)
Taining Intervention
"Real-World" Scenario 
(RCT) 
(Stage 5)
Community Level 
Adoption & Maintenance
(Stage 6)
Athlete Screening 
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2.3 Biomechanical mechanisms of non-contact ACL injuries in dynamic activities 
ACL injuries are likely to occur during dynamic activities that involve sudden stops, jump 
landings and sudden changes of direction in addition to improper mechanics and execution of 
these dynamic movements (Alentorn-Geli et al., 2009; Boden et al., 2000; Sanna & O'Connor, 
2008; Yu & Garrett, 2007). As aforementioned in the injury prevention framework (Donnelly 
et al., 2012), the injury mechanism should be identified. Understanding the ACL injury 
mechanism can be gained through a variety of study modes including in vitro (cadaveric 
work), in silico (computer simulations) and in vivo (observational studies) studies. Therefore, 
these approaches of studying the ACL injury mechanism will be briefly addressed in the 
following paragraphs. 
Biomechanical in vivo experimental investigation consists of clinical, observational and 
laboratory methodologies (Quatman, Quatman, & Hewett, 2009). Sudden changes of direction 
(sidestepping), stops (deceleration) and landing from a jump are some of the common 
movements that lead to an ACL injury (Griffin et al., 2006). This is thought to occur between 
17 to 50 milliseconds after initial foot contact (Alentorn-Geli et al., 2009; Boden et al., 2000; 
Boden, Sheehan, Torg, & Hewett, 2010; Griffin et al., 2006; Koga et al., 2011; Krosshaug et 
al., 2007). Small knee flexion angles (hyperextension), internal/external rotation of the tibia, 
anterior tibial translation, anterior shear force, high ground reaction forces and dynamic valgus 
collapse are mechanisms that contribute to ACL injury (Boden et al., 2000; DeMorat, 
Weinhold, Blackburn, Chudik, & Garrett, 2004; Fleming et al., 2001; S. Y. Kim et al., 2015; 
Koga et al., 2011; Walden et al., 2011). When the knee is minimally flexed, the ACL is the 
only passive restraint to protect the knee against anterior tibial translation (Figure 2.4) (Butler 
et al., 1980; Grood, Noyes, Butler, & Suntay, 1981; Markolf, Graff-Radford, & Amstutz, 
1978). A forceful load (i.e. quadriceps pull) at a nearly extended knee (20o to 30o of knee 
flexion angle) can yield significant anterior tibial translation therefore increasing the ACL 
loading (Beynnon & Fleming, 1998; Butler et al., 1980; DeMorat et al., 2004; Hashemi et al., 
2011; Markolf, Mensch, & Amstutz, 1976; Sell et al., 2007; Yu & Garrett, 2007) i.e. especially 
during landing from a jump. Excessive loading to the ACL may overstrain the ligament and 
result in partial or full tearing of the ligament (Alentorn-Geli et al., 2009; Boden et al., 2000; 
Krosshaug et al., 2007; Olsen, Myklebust, Engebretsen, & Bahr, 2004).   
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Figure 2.4 Patellar tendon angle and anterior shear force from quadriceps decreases as the 
knee flexion increases. Posterior shear force from hamstrings protects the ACL and increases 
with knee flexion.   
Image based on the figure of T. Kernozek, Torry, Shelburne, Durall, and Willson (2013) 
 
Hashemi et al. (2011) proposed the hip extension-knee flexion paradox as one mechanism for 
ACL injury. The knee and hip should typically flex simultaneously at landing in a normal 
condition; but during unstable landing, involuntary hip extension and knee flexion can occur 
(hip extension-knee flexion paradox) and when this happens, the tibia can translate anteriorly 
which increases ACL injury risk.  
When an excessive dynamic load or force is exposed to the knee beyond its capability - 
typically higher than what the ligament can sustain (Lloyd, 2001), it increases the risk of injury 
to the ligament. In vitro, an increased strain on the ACL can be seen when valgus and internal 
rotation moments and anterior tibial translation are applied (Markolf et al., 1995; Shin, 
Chaudhari, & Andriacchi, 2011). Importantly, the magnitude of a single load alone leads to 
less ACL strain when compared to multi-planar (page xiv) combinations of load. Berns, Hull, 
and Patterson (1992) studied 13 cadaver knees to examine the effects of combined knee 
loading on ACL strain. Pairs of combined loads were applied at 0° and 30° flexion angle while 
a strain gauge measured ACL strain. They found a significantly greater strain in the anterior 
medial bundle of ACL when a combination of the anterior shear force at the proximal end of 
the tibia and a knee valgus moment were applied (Berns et al., 1992). Lesser strain was 
observed when the anterior shear force was applied alone (Berns et al., 1992). Markolf et al. 
(1995) also agreed that combined knee loading can produce greater ACL strain. 100 N of 
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anterior tibial force, 10 Nm of abduction and adduction moment and 10Nm of internal and 
external tibial torque was applied to 14 cadaveric knees and the resultant forces on the ACL 
were recorded while the knees were extended from 90° of flexion to 5° of hyperextension. At 
full extension and hyperextension, the combination of internal tibial rotation moment and 
abduction moment significantly increased the forces in the ACL. These in vitro studies have 
provided us with important insights of what is actually happening to the knee when a 
researcher has full control of the loads applied to the knee. However, it lacks the in situ element 
of the injury mechanism which typically happens during dynamic activities and does not 
account for the effect of muscle forces in mitigating the strain; therefore, in vitro studies may 
not effectively demonstrate the actual ACL loading generated from the movements of a living 
human (Shimokochi & Shultz, 2008). 
Prediction of ACL loading from in silico studies has helped increase our understanding on the 
behaviours and dynamic loading of the ACL. Though this effort may not represent an actual 
in situ observation it does make it possible to assess and simulate a dangerous situation or 
movements that can rupture ACL (Gerritsen, van den Bogert, & Nigg, 1995; McLean, 2008). 
Nonetheless, computer simulation studies also support the idea that multi-planar loading is 
required to rupture the ACL (McLean, Huang, et al., 2004). A dynamic knee simulation study 
driven by in vivo human loading data has found similar results to the previously mentioned in 
vitro studies (Shin et al., 2011). A validated three-dimensional dynamic knee joint model was 
used to predict ACL strains and the study observed a greater increase of ACL strain in a 
combination of knee abduction and internal rotation moments, than either load alone (Shin et 
al., 2011). In addition, findings by McLean, Huang, et al. (2004) observed that the knee joint 
forces in the sagittal plane might not be able to tear the ACL, whereas a combination of loads 
in the frontal and transverse plane produced greater strain that could potentially rupture the 
ligament. ACL injury mechanisms proposed in all modes of study (in vitro, in silico and in 
vivo) provide substantial evidence that the injury mechanism is inherently multi-planar.  
 
2.4 Biomechanical risk factors for non-contact ACL injury 
A risk factor can be used to identify athletes or participants who are at-risk of injury (Offord 
& Kraemer, 2000).  Risk factors are predictive parameters established from prospective cohort 
studies, where the parameters showed meaningful differences between ACL injured athletes 
compared to uninjured athletes. Non-contact ACL injury risk factors can be extrinsic, i.e. 
playing surface, weather, shoe types and sporting equipment; or intrinsic, i.e. sex, knee joint 
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laxity, ACL size, hormonal change and psychological factors. This debilitating injury clearly 
has a multifactorial aetiology. However, conflicting findings have been seen in identifying 
risk factors for ACL injury. According to the consensus statement from the ACL retreat VI 
(Shultz et al., 2012) non-contact ACL injuries are likely multifactorial and likely including 
hormonal, genetic, anatomical, neuromuscular and biomechanical factors. Rather than 
dividing them as extrinsic versus intrinsic, these multifactorial risk factors can also be sub-
divided into “modifiable” factors and “non-modifiable” factors. Non-modifiable risk factors 
are factors that cannot change such as the genetics, sex, notch width, ACL size or ligamentous 
laxity. Therefore, in an injury prevention context it is only practical and realistic for 
researchers to investigate modifiable risk factors which can be altered through intervention, 
such as knee flexion angles or abduction moments.  
The 17-50 ms window within which ACL injuries are likely to occur is when rapid braking 
occurs in dynamic sports, hence researchers use a variety of dynamic tasks inside and outside 
the laboratory to examine ACL injury risk behaviours (Alentorn-Geli et al., 2009; Boden et 
al., 2000; Boden et al., 2010; Griffin et al., 2006; Koga et al., 2011; Krosshaug et al., 2007). 
Such tasks include single-leg hop tasks, used to replicate sudden deceleration, or sidestepping 
manoeuvers, used to replicate rapid change of direction actions (Boden, et al., 2000). Studies 
have also focussed on bilateral drop vertical jumping. A seminal prospective study (Hewett et 
al., 2005) showed that knee abduction moment at landing was found to be the strongest 
predictor of ACL injury with 78% sensitivity and 73% specificity, alongside the knee flexion 
angle at initial contact and peak vertical ground reaction force. In addition, a more extended 
knee (small knee flexion) at landing was observed to be the cause of the increased vertical 
ground reaction force (Hewett et al., 2005). Other studies have suggested that a large knee 
valgus angle, small knee flexion angle, greater vertical ground reaction force, greater anterior 
shear force and greater knee abduction moment increase ACL injury risk significantly and are 
particularly higher in females than males (Chappell, Yu, Kirkendall, & Garrett, 2002; Decker, 
Torry, Wyland, Sterett, & Richard Steadman, 2003; Ford, Myer, & Hewett, 2003; Lephart, 
Ferris, & Fu, 2002; Malinzak, Colby, Kirkendall, Yu, & Garrett, 2001). In addition, it was 
also found that female athletes most frequently injure their non-dominant leg while male 
athletes most frequently injure their dominant leg (Brophy, Silvers, Gonzales, & Mandelbaum, 
2010).  
Using experimental observations to find predictors of injury that are valuable for screening 
can be achieved through prospective cohort studies. As a matter of fact, as outlined in the 
TRIPP framework (Finch, 2006), a prospective cohort study provides the strongest evidence 
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for identifying an injury risk factor. As a prospective study follows individuals over time, and 
observes those who become injured, these studies allow the injured group to be compared 
against the healthy controls. These types of studies are needed to strengthen the development 
of intervention and prevention programs as the success of these programs is underpinned by 
a solid understanding of the risks associated with sustaining the injury as opposed to any 
surrogate or any indirect measure of injury risk. As a field of research progresses, it is desirable 
that the number of independent studies with a high level of evidence (such as prospective 
studies in this case) increases (Samuelsson et al., 2013). Despite the extensive studies 
describing biomechanical risk factors for non-contact ACL injury, the study design, 
consistency of methods and techniques of evaluating risk factors have not been examined in 
detail. Many studies compare risk factors interchangeably between males and females, transfer 
results across different tasks, focus on single uni-planar variables, or estimate risk indirectly 
rather than prospectively. This therefore warrants a review of the literature and consider 
further prospective determination of biomechanical ACL injury risk factors.  
 
2.5 Screening for injury prevention 
Utilising risk factors to distinguish individuals who are at risk of a condition or disease is the 
core process of screening. By identifying individuals who are at risk early, treatment or 
prevention programs can be implemented to prevent or reduce future illnesses or disease 
(Bahr, 2016; Dallinga, Benjaminse, & Lemmink, 2012; Gajic et al., 2011). In the context of 
injury prevention in sport, the main aim of screening is to draw a line between those who are 
at risk of getting injured and those who are not (Bahr, 2016; Dennis, Finch, Elliott, & Farhart, 
2008; Gabbe, Bennell, Wajswelner, & Finch, 2004). The increasing number of ACL injuries 
has led to the vast increment of interest in injury prevention through screening (Klugl et al., 
2010). Injury screening is usually done for everyone, but one can raise the question why injury 
prevention programs would not de facto be given to everyone regardless of a player being at-
risk or not? Essentially, injury prevention programs are expected to be more effective in 
preventing injury when given and implemented to the individuals who are at risk, primarily 
increasing compliance to the program (Finch, 2006). Even if a reduction in injury risk would 
be seen across individuals who participated in a population-wide injury prevention program 
(van der Horst, Smits, Petersen, Goedhart, & Backx, 2015), arguments may well be raised that 
individuals who do not benefit from an injury prevention program are better allowed to fully 
focus on their performance within the limited time they have available for training. As such, 
a need for screening risk of injury to inform prevention initiatives will most likely continue to 
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exist. 
Screening of movement is based on the premise that if someone systematically moves in a 
way that is (likely) associated to greater loads on their system, then this individual will be at 
greater risk of injury. The evidence base to support such screening comes from prospectively 
identified risk factors that should at least have been verified in independent studies before 
introducing them in screening as part of preventative measures (Donnelly et al., 2012; van 
Mechelen et al., 1992). So in order for screening to effectively identify individuals with at risk 
behaviours, risk factors should be identified and validated carefully through appropriate 
prospective designs. Three research steps have been proposed to develop and validate a 
screening program (Bahr, 2016); step one is to identify the risk factors and define the cut off 
value that separates those injured from the uninjured through a prospective cohort study. 
Through this exploratory study, after undergoing several tasks, individuals will be observed 
for injuries through a period of time and predictive variables are identified, step two would be 
to validate and repeat the protocol using the previously found predictive variables and 
predetermined cut-off values in several independent cohorts. Step three is to test the 
effectiveness of the screening program by conducting a randomized control trial to test the 
effect of combined screening and intervention programs. This aligns with Stages 5 and 6 in 
Donnelly et al. (2012)’s injury prevention framework. If successful, ACL injuries should be 
predictable though this identification and validation of risk factors is a costly process. Even if 
there is a common perception with practitioners that ACL injury risk has been investigated 
extensively and that a vast amount of knowledge has been generated, this type of evidence 
remains very limited. It warrants in the first place a critical examination of what exactly is 
known, and certainly a continued need for validation of existing and/or identification of new 
risk factors. 
Even though it seems like a lot of effort has been put into preventing ACL injury, there is still 
scarcity of prospective studies on ACL injury risk, especially observing both sexes, across 
different dynamic tasks and with multi-planar observations.  After new risk factors are 
identified through prospective studies, risk factors are traditionally used independently in 
screening protocols with little consideration of their relevance across tasks. An issue with the 
existing evidence is that it always pertains to the risk as identified from single task observation.  
Traditionally, risk has predominately been tested in a uni-variate way (Beynnon et al., 2015). 
Similarly, biomechanical risk has been evaluated for 0-dimensional observations, i.e. 
observations reduced to a discrete value, made in a single task. This may well be a shortcoming 
as through screening one intends to make a prediction about injury risk based on an 
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individual’s generic ability to perform sporting tasks safely. This would require a multi-variate 
approach in which to consider the predictive strength of multiple observations combined, such 
as in Bittencourt et al. (2016).  The observation of an individual across tasks has not received 
much attention, mostly because some evidence has revealed that certain observations do not 
translate well across tasks (Kristianslund & Krosshaug, 2013). However, observing 
individuals across multiple tasks to see whether they consistently rank at-risk with respect to 
their peers could in fact reveal more about that individual’s neuromuscular strategies than any 
observation made in a singular task alone. A study by Nigg, Baltich, Hoerzer, and Enders 
(2015) proposed that an individual’s movement may depend on their ‘preferred movement 
path’. The paradigm describes that different conditions or pertubations (in this case type of 
shoes and/or insoles) can be implemented to the individual but, their preferred movement path 
may stay the same. This could also perhaps be influenced by the individual’s neuromuscular 
strategies where different pertubations or changes made to the condition, there could be certain 
muscles that funtions in the same way to the condition regardless of the manipulation. 
Therefore, this shows that perhaps there is some kind of movement pattern or behaviours that 
we could observe to identify undesirable movements and if this could be implemented in 
injury screening, it could maybe provide us with a better indication of whom might be at risk. 
 
2.6 Conclusion 
Many studies have investigated lower limb biomechanics in the context of non-contact ACL 
injury risk but the quality of the evidence is unclear. A review and quality assessment of 
existing biomechanical studies would provide this. Also, further prospective evidence 
concerning biomechanical risk factors would be welcome for a field of research where there 
appears to be a mismatch between the perceived risk factors and evidence-informed risk 
factors. There was also a contrast noticed between the level of complexity of injury 
mechanisms against the level of complexity of the observed risk factors. Considerable 
evidence suggests that the ACL injury is multi-planar, whilst most observations to reveal risk 
factors have been limited to uni-planar variables to represent loads (e.g. abduction moment) 
or movement patterns (e.g. knee flexion angle). This indicates a need to investigate whether 
the observation of multi-planar variables could identify more predictive risk factors. In fact, 
observing both sexes in different dynamic tasks seems necessary if one wishes to obtain a 
stronger understanding of risk. Finally, evidence supporting biomechanical risk factors has 
consistently been gathered from observations in a single task only. If risk factors were to be 
tested in more than one task, and certain individuals would consistently rank at-risk across 
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multiple dynamic tasks, then a task-invariant screening for non-contact ACL injury risk could 
have considerably increased predictive strength over a single-task observation. 
 
2.7 Aims and Objectives 
2.7.1 Aim 
The overall aim of this thesis was to critically evaluate the biomechanical risk factors for non-
contact anterior cruciate ligament (ACL) injury during dynamic sporting activities and to 
explore some novel approaches to evaluating risk as part of screening. 
 
2.7.2 Objectives 
i. To systematically review the in vivo biomechanical literature that has identified 
risk factors for non-contact ACL injury during dynamic sports tasks and to 
critically evaluate the research trends from retrospective and associative studies 
investigating non-contact ACL injury risk (Chapter 3). 
 
ii. To conduct a two-year prospective cohort study to determine biomechanical risk 
factors for ACL injury (Chapter 4). 
 
iii. To critically evaluate if existing prospective ACL injury risk factors rank 
individuals consistently across different dynamic tasks (Chapter 5). 
 
iv. To determine if mechanism-informed multi-planar variables rank individuals 
more consistently across tasks than uni-planar variables (Chapter 6).  
 
 
 
CHAPTER 3 
Mapping current research trends on anterior cruciate 
ligament injury risk against the existing evidence: In vivo 
biomechanical risk factors 
This systematic review revealed only one prospective study that had determined 
in vivo ACL biomechanical risk factors, and conflicting evidence was seen within 
the retrospective and associative studies. When published in Clinical 
Biomechanics, 2016, these conclusions sparked interest from eminent 
researchers in the field (Hewett & Myer) and provided an opportunity for us to 
provide further comment on these results. 
 
 
 
 
3.0 Abstract 
Whilst many studies measure large numbers of biomechanical parameters and associate these 
to anterior cruciate ligament injury risk, they cannot be considered as anterior cruciate 
ligament injury risk factors without evidence from prospective studies. A review was 
conducted to systematically assess the in vivo biomechanical literature to identify 
biomechanical risk factors for non-contact anterior cruciate ligament injury during dynamic 
sports tasks; and to critically evaluate the research trends from retrospective and associative 
studies investigating non-contact anterior cruciate ligament injury risk. An electronic literature 
search was undertaken on studies examining in vivo biomechanical risk factors associated 
with non-contact anterior cruciate ligament injury. The relevant studies were assessed by 
classification; level 1 — a prospective cohort study, level 2 — a retrospective study or level 
3 — an associative study. An initial search revealed 812 studies but this was reduced to 1 level 
1 evidence study, 20 level 2 evidence studies and 175 level 3 evidence studies that met all 
inclusion criteria. Level 1 evidence showed that the knee abduction angle, knee abduction 
moment and ground reaction force were biomechanical risk factors. Nine level 2 studies and 
eighty-three level 3 studies used these to assess risk factors in their study. Inconsistencies in 
results and methods were observed in level 2 and 3 studies. There is a lack of high quality, 
prospective level 1 evidence related to biomechanical risk factors for non-contact anterior 
cruciate ligament injury. More prospective cohort studies are required to determine risk factors 
and provide improved prognostic capability. 
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3.1 Introduction 
Over the last decade, a large number of studies have used in vivo biomechanical methods to 
investigate links between specific biomechanical parameters and risk of non-contact ACL 
injury. One advantage being that these parameters have been shown to be modifiable (Hewett, 
Myer, Ford, & Slauterbeck, 2007). Typically observed parameters include whole body 
kinematics, lower limb joint moments, and knee and hip kinematics at key events e.g. impact. 
Understanding the biomechanics of the dynamic movement is crucial in investigating the risk 
factor of non-contact ACL injury. Biomechanical risk factors have been proposed in all three 
planes but inconsistency in methods and techniques of evaluating risk factors however have 
not been examined in detail. Two-dimensional (2D) kinematic video recording (Holden, 
Colin, Wang, Doherty, & Delahunt, 2014; McLean, Walker, Ford, et al., 2005) has also been 
used to inform the injury mechanism, but its accuracy and precision are still uncertain. A 
recent review (Hughes, 2014) implicated a number of biomechanical “risk factors” such as 
reduced lateral trunk flexion and knee flexion angle, yet it would seem that such measures 
have only been associated to ACL injury risk and cannot therefore be considered as ACL 
injury risk factors per se. Risk factors are predictive parameters established from prospective 
cohort studies, where the parameters showed meaningful differences between ACL injured 
athletes compared to uninjured athletes. It is perhaps therefore a misconception that there are 
a large number of established biomechanical risk factors for non-contact ACL injury.  
Once risk factors have been established from prospective cohort studies they may be further 
supported by evidence from retrospective studies which can identify differences between ACL 
injured and controls, and further understood through associative studies by investigating what 
can influence risk factors, e.g. approach speed influences knee abduction moments 
(Vanrenterghem, Venables, Pataky, & Robinson, 2012). As outlined in the ‘Translating 
Research into Injury Prevention Framework’ (Finch, 2006), these types of studies are needed 
to strengthen the development of intervention and prevention programs as the success of these 
programs is underpinned by a solid understanding of the risks associated with sustaining the 
injury as opposed to any surrogate or any indirect measure of injury. Retrospective studies 
therefore provide weaker evidence relating to the identification of risk factors than prospective 
cohort studies, and associative studies build on the evidence rather than generating it. As the 
field of research progresses, it is desirable that the number of independent studies with a high 
level of evidence increases (Samuelsson et al., 2013). The research trends relating to the 
biomechanical risk factors of non-contact ACL injury are unknown and therefore critical 
examination of the existing evidence is required.  
21 
 
The aims of this study are firstly, to systematically review the in vivo biomechanical literature 
that has identified risk factors for non-contact ACL injury during dynamic sports tasks and 
secondly, to critically evaluate the research trends from retrospective and associative studies 
investigating non-contact ACL injury risk. Risk factors and studies relating to either sex are 
considered for completeness. 
 
3.2 Methods 
The Cochrane Handbook (Higgins & Green, 2009) and the Preferred Reporting Items for 
Systematic reviews and Meta-Analysis (PRISMA) (Liberati et al., 2009) guidelines were used 
in conducting this systematic review. Seven authors were involved in the systematic review. 
 
3.2.1  Electronic literature search 
A systematic electronic database search of PubMed, SCOPUS, Web of Science, CINAHL and 
SPORTDiscus was conducted for studies between January 1990 and 10th August 2015. The 
search terms were constructed and tested prior to the initial search for their appropriateness. 
Search terms were divided into five groups (Table 3.1) and when searching the groups were 
connected with AND. Depending on the search database, the appropriate search term notation 
technique was applied. 
 
 Table 3.1 Electronic database literature search strategy for key terms used 
Step Strategy PubMed Scopus 
Web of 
Science 
CINAHL SPORTDiscus 
#1 Search “ACL injur*” OR “anterior cruciate 
ligament injur*” 
2,413 3,861 7,483 4,599 1,974 
#2 Search knee OR hip OR ankle OR trunk OR torso 
OR valgus OR varus OR abduction OR adduction 
OR flexion OR extension OR “ground reaction 
force*” OR “internal rotation” OR “external 
rotation” 
485,043 659,671 1,364,572 99,867 67,865 
#3 Search #1 AND #2 2,111 3,351 6,260 3,129 1,435 
#4 Search biomechanic* OR kinematic* OR kinetic* 
OR angle* OR moment* OR load* OR torque* OR 
sagittal OR frontal OR transverse 
985,113 3,336,664 4,912,796 83,466 83,973 
#5 Search #3 AND #4 1,025 1,506 1,441 1,180 765 
#6 Search risk OR prevent* OR predict* OR 
screening OR associate* OR sensitivity OR 
specificity OR reproducibility OR reliability OR 
validity 
7,380,702 9,622,122 21,467,428 1,206,876 209,644 
#7 Search #5 AND #6 776 940 969 649 561 
#8 Search side* OR cut* OR hop* OR land* OR 
jump* OR sprint* OR run* 
894,257 2,867,571 4,688,133 121,429 184,408 
#9 Search #7 AND #8 348 520 590 336 399 
 
3.2.2 Study selection 
EndNote® (version X7.0.1, Thomson Reuters) was used to select titles and abstracts based on 
the inclusion and exclusion criteria; and prospective cohort studies, retrospective studies and 
associative studies were classified as level 1, 2 and 3 evidence, respectively (Table 3.2). Any 
duplicates found were excluded. A prognostic article was included if  the study (i) measured 
biomechanical variables (e.g. kinetic, kinematic); (ii) measured other variables (e.g. 
neuromuscular or physiological variables) but still contained biomechanical assessments; (iii) 
contained risk factors or associations with non-contact ACL injury; (iv) was  published in 
English; (v) involved participants of dynamic sports i.e. those involving rapid dynamic 
movements such as sudden stops, changes of direction, jump landings, pivoting and side 
cutting (e.g. basketball, football, hockey, volleyball, handball); (vi) was an in vivo study. 
Articles were excluded if (i) no abstract was available; (ii) they were a review, systematic 
review, technical note or meta-analysis; (iii) the study focused on the effect of treatment or 
training; (iv) their sole focus was on ACL deficient or reconstructed populations; (vi) they 
were in vitro studies, (vii) there was a non-dynamic sport setting.  
 
Table 3.2 Classification of studies (Level of evidence) 
Level of 
Evidence 
Prognostic Studies—Investigating the Effect of a Patient Characteristic on the 
Outcome of Disease 
Level 1 Prospective Cohort Study 
Observe a large number of uninjured athletes and then monitor their injury 
status over a period of time. Those athletes that become injured can then be 
compared to the uninjured group in an attempt to identify differences with a 
predictive value commonly called risk factors. 
 
Level 2 Retrospective Study 
A study design that takes a look back at the effect of an event that occurred in 
the past and typically makes comparisons to a control group. In a typical 
retrospective ACL study, investigators would compare ACL injured or 
reconstructed athletes to an uninjured control group. 
 
Level 3 Associative Study 
Provides a lower level of evidence because these cannot measure risk factors 
directly and so instead associates other variables with known risk factors. They 
can help to understand how known risk factors are influenced by other variables 
that have not yet been shown prospectively as risk factors themselves. 
 
Initially, title and abstract selection was completed by authors 2 and 6 independently, in order 
to avoid risk of bias in identifying potentially relevant papers for full review. If there were 
discrepancies between the two reviewers, there were discussions between the two to reach a 
consensus. If consensus could not be reached, the article was referred to author 1 or 7. Next, 
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the full text assessment was reviewed by authors 1 and 7 and if there were any disagreements 
between the two reviewers, consensus was again sought through discussions between 
themselves, and a moderator if needed (author 6). Study classifications and the inclusion / 
exclusion criteria were implemented within this process. 
 
3.2.3 Assessment of the risk of bias 
Risk of bias assessment was undertaken for level 1 evidence studies (Table 3.3). The Risk of 
Bias Tool for Cohort Studies by the Cochrane Bias Methods Group was used to review the 
selected articles. The retrospective and associative studies were not quality assessed as these 
studies were retrieved only to map current trends of the field. Authors 1 and 7 assessed the 
risk of bias independently and then reached a consensus. For each item answered ‘Yes’, one 
point was given other responses scored 0 points. The total score of the methodological quality 
ranged between 0 – 9 for the prospective cohort study. If an item was not present, not reported 
or insufficient information was given, no points were given. An item might not be applicable 
to a study, so these items were excluded from calculation for quality assessment. Scoring 
‘Yes’ shows that the study has a low risk of bias and ‘No’ means that the study has a high risk 
of bias. 
Table 3.3 Methodological quality assessment (Risk of bias assessment) 
Description scores 
Hewett et al. 
(2005) 
a. Was selection of the prospective cohorts drawn from the same population Y 
b. Can we be confident in the assessment of activity exposure in subjects  Y 
c. Can we be confident that any injury was not present at start of the study 
(prospective) or had suffered from ACL injury and controls had not (case-
control)? 
Y 
d. Were the cases (those who acquired ACL injury) appropriately selected? Y 
e. Were the controls appropriately selected? N/A 
f. Did the study match injured and uninjured subjects (prospective) or cases 
and controls (case-control) for all variables that are associated with the 
potential risk factor or did the statistical analysis adjust for these prognostic 
variables? 
N 
g. Was the nature/cause of the ACL injury well defined? Y 
h. Can we be confident in the assessment of the ACL injury? Y 
i. Was the follow up of cohorts adequate? Y 
Total score  7/8 
* N/A not applicable, N no or insufficient information, Y yes 
 
25 
 
3.3 Results 
3.3.1 Search results 
A total of 3698 studies were identified (Figure 3.1) with the database breakdown as follows: 
PubMed (348), Scopus (520), Web of Science (590), CINAHL (336) and SPORTDiscus 
(399). When duplicates and unrelated articles (2886) were removed 812 studies remained. 
After careful screening of titles, abstracts and classification of level of evidence 605 studies 
were excluded as they did not meet the inclusion criteria and 207 studies remained and 
underwent full evaluation. Twelve prospective cohort studies were selected for full text 
assessment of the inclusion and exclusion criteria. A total of 20 retrospective and 175 
associative studies were also identified.  
Full text assessment of the 12 prospective cohort studies meant that eleven further studies 
were excluded for the following reasons: (1) one had no full text available (Kimura et al., 
2011), (2) one did not meet the requirement of participation in dynamic sports (Liederbach et 
al., 2008), and (3) nine did not focus specifically on investigating or finding new ACL injury 
risk factors as they were observing other injuries (e.g. patellofemoral pain syndrome) (Boling 
et al., 2009; Myer et al., 2015), gender differences (Ford et al., 2010), perfecting screening 
tools (Myer et al., 2010; Padua et al., 2015; Smith et al., 2012), effect of maturation or joint 
laxity effects (Hewett et al., 2015; Myer et al., 2008; Soderman et al., 2001). Hence, only one 
level 1 evidence study (Hewett et al., 2005) was quality assessed. 
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Figure 3.1 Flow diagram of search strategy 
 
3.3.2 Level 1 evidence 
The selected level 1 evidence study (Hewett et al., 2005) scored 7/8 points in the risk of bias 
assessment (Table 3.3) hence, this study has a low risk of bias and key information has been 
summarized. This study was an exploratory prospective study as the authors did not know 
which variables might predict ACL injury. They observed 9 ACL injuries in a sample of 205 
female adolescent basketball, volleyball and football players (14-18 years). The bilateral drop 
Duplicates and unrelated 
articles excluded 
(n = 2886) 
Selected studies 
 
Level 1 evidence (n=1) 
Level 2 evidence (n=20) 
Level 3 evidence (n=175) 
Initial search 
(n = 3698) 
Potential studies 
(n = 812) 
Categorization of level of 
evidence 1, 2 and 3 studies 
retrieved for detail evaluation 
(n = 207)  
Excluded studies with reasons (n=11) 
 
No full text available a 
 Not a dynamic sport setting b 
Not focused on finding new ACL risk factors c  
 
Level 1 evidence 
Prospective cohort studies  
(n = 12) 
Level 2 evidence 
Retrospective studies 
 (n = 20) 
Level 3 evidence 
Associative studies 
 (n = 175) 
a Kimura et al. (2011); b Liederbach, Dilgen, and Rose (2008); c Boling et al. (2009); (Ford, Shapiro, Myer, Van Den 
Bogert, & Hewett, 2010; Hewett, Myer, Kiefer, & Ford, 2015; Myer et al., 2015; Myer, Ford, Khoury, Succop, & 
Hewett, 2010; Myer, Ford, Paterno, Nick, & Hewett, 2008; D. A. Padua et al., 2015; Smith et al., 2012; Soderman, 
Alfredson, Pietila, & Werner, 2001) 
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vertical jump (BDVJ) was used to examine landing biomechanics during the first contact 
phase. A range of biomechanical variables were measured and they found that the group that 
subsequently had an ACL injury had higher knee abduction angles (KAA) at landing (9° vs. 
1.4°), higher peak knee abduction moments (pKAM, -45.3 vs. -18.4 Nm) and higher vertical 
ground reaction forces (pVGRF) (1266 vs. 1057 N) which distinguished them from the 
uninjured group. The pKAM predicted ACL injury status with 73% specificity and 78% 
sensitivity. 
 
3.3.3 Level 2 evidence  
Of the 20 retrospective level 2 evidence studies (Table 3.4), 14 compared an ACL 
reconstruction (ACLR) group and 6 compared an ACL deficient (ACLD) group to either a 
healthy control group or to the individual’s uninjured side. Nine studies observed the variables 
pKAM or KAA to assess ACL injury based on the risk factors found by Hewett et al.. An 
increased KAA was found both in ACLR (B. M. Goerger et al., 2015; K. M. Stearns & C. D. 
Pollard, 2013) and ACLD (Hewett, Lynch, et al., 2010) group during side cutting and BDVJ, 
compared to control groups. 
Concerning sex differences, KAA was seen to be higher in females compared to males in both 
injured and uninjured leg (Yamazaki, Muneta, Ju, & Sekiya, 2010). However, other studies 
observed no significant difference in KAA when comparing ACLD (Houck, Duncan, & De 
Haven, 2005a) and ACLR (Lee, Chow, & Tillman, 2014b; Ortiz et al., 2008) individuals 
compared to controls. While comparing female subjects to male subjects, Miranda et al. 
(2013b) observed the amount of KAA found in their study did not seem to resemble to a valgus 
collapse position. Only one study (Ortiz, Olson, Trudelle-Jackson, Rosario, & Venegas, 2011) 
observed a greater pKAM in an ACLR group during a side hop (6.96 vs. 1.16 N·m/KgBW) 
and a lower pKAM during crossover hopping (1.31 vs. 5.59 N·m/KgBW) compared to a 
healthy control group.  
The other eleven studies investigated biomechanical variables in the context of stability and 
postural control (F. Mohammadi et al., 2012; Oberlander, Bruggemann, Hoher, & 
Karamanidis, 2012; F. T. Sheehan, W. H. Sipprell, 3rd, & B. P. Boden, 2012; K. A. Webster 
& Gribble, 2010b), gait (von Porat, Henriksson, Holmstrom, et al., 2006), vision (Bjornaraa 
& Di Fabio, 2011), limb asymmetry (Holsgaard-Larsen, Jensen, Mortensen, & Aagaard, 
2014), walk and jog patterns (Chmielewski, Rudolph, Fitzgerald, Axe, & Snyder-Mackler, 
2001a), gender differences (Paterno et al., 2011), as well as neuromuscular aspects (Vairo et 
al., 2008b). Landing strategies and medio-lateral control of ACLD and ACLR patients were 
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also investigated by P. E. Roos, K. Button, V. Sparkes, and R. W. van Deursen (2014) and 
found that these groups had not fully recovered. 
ACLD and ACLR subjects showed significantly poorer clinical and biomechanical results 
compared to controls (Chmielewski et al., 2001a; Oberlander et al., 2012; Paterno et al., 2011). 
However, no differences were found in knee joint kinematics and kinetics during gait (von 
Porat, Henriksson, Holmstrom, et al., 2006). Distinguishing characteristics of ACLD groups 
included posterior centre of mass (COM) changes (F. T. Sheehan et al., 2012), increased time 
to stabilization (K. A. Webster & Gribble, 2010b), postural sway and other unique adaptations 
aimed at stabilizing the knee (Vairo et al., 2008b).  Distinguishing characteristics of ACLR 
groups included greater postural sway (F. Mohammadi et al., 2012) and altered responses to 
visual disruption (Bjornaraa & Di Fabio, 2011). 
 
3.3.4 Level 3 evidence 
A total of 175 associative studies were retrieved from the search. We identified that 57% of 
these associative studies involved both sexes a further 30% investigated females only with 
only 11% of studies investigating males. The remaining 2% was unknown as it was not 
specified in the abstract or the full text. Only 19% of the papers studied adolescent athletes 
(between 10 – 18 years old) while the rest of the studies included adults. Out of the 175 
associative studies, 30 studies used pKAM and KAA to assess non-contact ACL injury risk, 
all of which were published after Hewett et al.’s prospective study (Hewett et al., 2005) which 
included athletes aged ranging between 14 to 17 years old. There are a wide variety of other 
biomechanical factors assessed in level 3 studies including the association of risk factors with 
sex, maturational development, sport type, fatigue, task and neuromuscular aspects.  
Studies have shown that females tend to have a greater risk of getting an ACL injury (Agel et 
al., 2005; Hewett et al., 2005). This is supported by the findings found in the associative 
studies where females are more likely to have poorer landing technique such as reduced hip 
and knee flexion at initial contact (Baker, 2009; Beutler, de la Motte, Marshall, Padua, & 
Boden, 2009); higher knee abduction (Hughes, Watkins, & Owen, 2008; M. F. Joseph et al., 
2011) and less knee flexion throughout landing (Beutler et al., 2009) compared to males. 
Landing with a more erect posture and greater angular velocities than males has also been 
speculated to contribute to non-contact ACL injury in females (Decker et al., 2003).  
Vertical jump tasks have been combined with the influence of fatigue (Cortes, Greska, 
Kollock, Ambegaonkar, & Onate, 2013; Cortes, Greska, Kollock, & Onate, 2011; Iguchi, 
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Tateuchi, Taniguchi, & Ichihashi, 2014; Sanna & O'Connor, 2008; Tsai, Sigward, Pollard, 
Fletcher, & Powers, 2009) to examine the effect on biomechanical variables. Around 13% of 
the associative studies examined the effect of fatigue on ACL injury risk factors. Fatigue has 
been observed to alter both the movement patterns and motor control (Benjaminse et al., 2008; 
Cortes et al., 2013; Cortes et al., 2011). Both males and females demonstrated reduced KAA 
moving closer to neutral and decreased knee flexion at initial contact after fatiguing 
(Benjaminse et al., 2008; Cortes et al., 2013). In addition, the pKAM at peak stance and hip 
flexion angle was also decreased and a larger pVGRF was seen in females after fatigue (Cortes 
et al., 2013; Iguchi et al., 2014). Knee and hip control also altered neuromuscular 
characteristics (Gehring, Melnyk, & Gollhofer, 2009; Thomas, McLean, & Palmieri-Smith, 
2010).  
Over a third (36%) of the level 3 studies observed cutting manoeuvres with the majority being 
anticipated rather than unanticipated tasks. The inclusion of unanticipated tasks increases the 
magnitude of joint loads and increases the KAA in females compared to males (Baker, 2009; 
Ford, Myer, Toms, & Hewett, 2005; Houck, Duncan, & De Haven, 2006; Jamison, McNally, 
Schmitt, & Chaudhari, 2013; Landry, McKean, Hubley-Kozey, Stanish, & Deluzio, 2007a, 
2007b). Muscular activity imbalance and reduced hip flexion angles have also been associated 
with non-contact ACL injury (Brown, Palmieri-Smith, & McLean, 2009; Landry et al., 
2007b). 
A filterable summary of the selected level 3 evidence papers research trend can be found in 
the supplementary material (Appendix A).   
  
Table 3.4 Summary of the selected level 2 evidence papers 
Subject 
Condition Author 
Characteristics of 
subjects 
Methodology of Data 
Collection / Task Biomechanical Outcome Measure Results/Findings 
ACLR Bjornaraa and Di 
Fabio (2011) 
ACLR; 17F 
healthy controls; 
17F  
Vision – used 
electromagnetic sensor 
- Absolute knee displacement, Peak and 
average absolute knee velocities, time 
to peak ground reaction force (pGRF) 
(% of cut). 
- ACLR: < knee displacement, velocity,  time to 
reach pGRF relative to healthy subjects non-
dominant knee.  
- Visual disruption: some effect on movements. 
 Benjamin M. 
Goerger et al. 
(2015) 
ACLR-injured 
(ACLR-INJ); 8M, 
4F  
ACLR-uninjured 
(ACLR-UNINJ); 
9M, 10F 
healthy controls, 
20M, 19F 
DVJ  - KAA, Knee adduction angle, Hip 
abduction angle, Hip adduction angle, 
Knee internal rotation angle, Knee 
extension moment, Hip flexion 
moment, Anterior tibial shear force 
- ACL injury & ACLR altered lower extremity 
biomechanics 
- ACLR-INJ & ACLR-UNINJ:  hip adduction and 
KAA.  
- ACLR- INJ:  anterior tibial shear force, knee 
extension moment & hip flexion moment.  
- Control group: No high-risk biomechanical changes 
observed  
 Holsgaard-Larsen 
et al. (2014) 
ACLR; 23M 
healthy controls; 
25M  
Counter movement 
jump (CMJ), one-leg 
hop for distance 
- Sagittal knee moment, Sagittal range 
of motion (RoM), Knee joint angle at 
transition point, Jump height, 
Asymmetry ratio  
- Both types of CMJ: Between-limb asymmetry ratios 
for RoM differed between ACLR and controls  
- Jump for distance: ACLR > jump length asymmetry 
 Lee, Chow, and 
Tillman (2014a) 
ACLR; 3M, 8F 
healthy controls; 
3M, 8F 
Side-step cutting 
manoeuvre; with 3 pre-
cutting approach 
(counter movement, one 
step and running)  
- Knee flexion angle, Knee extension 
angle, KAA, Knee adduction angle, 
Internal and external rotation angles, 
Peak joint moments 
- ACLR: > knee internal rotator moment 
- Inter-group comparisons; ACLR > abductor and 
internal rotator moments only in the running 
condition  
- ACLR: at  risk of re-injury when participating in 
high-demand physical activities. 
 Miranda et al. 
(2013a) 
ACL intact 
(ACLINT); 5M, 5F 
ACLR; 4M, 6F 
Jump cut manoeuvre. - GRF, Knee flexion, Knee extension, 
KAA, Knee adduction, Tibial internal 
- external rotation, Anterior - posterior 
knee translation, Medial - lateral knee 
translation, Anterior – posterior knee 
translation excursions, Medial – lateral 
knee translation excursions  
- F: < knee flexion angle excursion during a jumpcut 
manoeuvre resulting in a  pGRF &  rate of 
anterior tibial translation.  
- ACLR: < GRF in jump cut manoeuvre than ACLINT  
-  landing stiffness leads to  rate of anterior tibial 
translation while performing a jump-cut manoeuvre. 
 
 Farshid 
Mohammadi et al. 
(2012) 
ACLR; 22M, 8F  
healthy controls; 
24M, 6F  
 
Single-leg stance & 
single leg drop jump.  
 
- Centre of pressure (CoP) 
anteroposterior amplitude and 
velocity, CoP mediolateral amplitude 
and velocity, Vertical GRF, Loading 
rate 
- ACLR: > postural sway in operated leg compared 
with the non-operated side and matched limb of the 
control group 
- ACLR: > pGRF and loading rate on the uninvolved 
limb compared to control group at landing 
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- Static & dynamic postural measures have high test–
retest reliability, ranging from 0.73 to 0.88. 
 
 Oberländer, 
Brüggemann, 
Höher, and 
Karamanidis 
(2012) 
ACLR; 12  
healthy controls; 13  
 
Single leg hop.  - Margin of stability, CoM, GRF, Ankle 
dorsiflexion moments, Ankle 
plantarflexion moments, Knee flexion 
moments, Knee extension moments, 
Hip flexion / extension moments, 
Pendulum length, Trunk angle 
- ACLD leg: < external knee flexion moments, > 
moments at the ankle & hip compared to controls  
- ACLD leg: joint moment redistribution > anterior 
position of the GRF vector, which affected the 
moment arms of the GRF acting about the joints  
- ACLD leg: trunk angle > flexed over the entire 
landing phase compared to controls  
- Significant correlation found between moment arms 
at the knee joint and trunk angle 
 
 Ortiz et al. (2008) ACLR; 13F  
healthy controls; 
15F  
 
Single leg drop jump, 
up-down hop task.  
Electromyography 
(EMG). 
- GRF, Hip flexion, Hip adduction, Hip 
internal rotation, Knee flexion, KAA, 
Knee external rotation, Knee extension 
moments, KAM, Anterior-posterior 
shear forces 
- No differences between groups: peak hip & knee 
joint angles for the drop jump task.  
- ACLR: significant differences in neuromuscular 
activity & anterior-posterior knee shear compared 
with controls in drop jump task. 
- No differences between groups: for peak hip & 
knee joint angles, peak joint kinetics, or EMG 
during up-down hop task. 
 Ortiz et al. (2011) ACLR; 13F 
healthy controls; 
15F 
 
 
Side to side hopping 
task. 
EMG. 
- Hip flexion, Hip adduction, Knee 
flexion, KAA, Knee extension 
moments, KAM 
- Controls & ACLR: similar hip & knee-joint angles 
during both types of hopping.  
- > Hip-joint angles: crossover hopping in both 
groups, & knee-joint angles did not differ between 
the groups or hops.  
- Knee-joint moments: group X manoeuvre 
interaction.  
- Control group: > knee extension & valgus moments 
during crossover hopping 
- ACL: > KAM during side hopping 
 
 Paterno et al. 
(2011) 
ACLR; 21M, 5F 
healthy controls; 
13M, 29F 
DVJ. 
 
- GRF - After ACLR, M & F: at the time of return to sport 
demonstrated involved limb asymmetries in pGRF 
during landing from a bipedal task. 
- DVJ landing phase: significant side-by-group 
interaction for pGRF in the entire cohort.  
- ACLR involved limb: < Vertical GRF than the 
uninvolved & both the preferred limb & 
nonpreferred limb in the control group 
- No effect of sex was noted. 
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 P. E. Roos, K. 
Button, V. 
Sparkes, and R. W. 
M. van Deursen 
(2014) 
ACLD; 18M, 3F  
ACLR; 19M, 4F  
healthy controls; 
11M, 9F  
Single leg hop. 
 
- GRF, CoM velocity, Knee extensor 
moment, knee RoM, Knee flexion 
angle, Hop moment, Ankle moment, 
CoM angle 
- ACLD: smallest hop distance  
- Control: largest hop distance  
- ACLR: used similar kinematic strategy to controls, 
but had a reduced peak knee extensor moment.  
- ACLD & ACLR: Fluency reduced 
 Kristen M. Stearns 
and Christine D. 
Pollard (2013) 
ACLR; 12F 
healthy controls; 
12F  
Sidestep cutting 
manoeuvre. 
 
- KAA, KAM, Knee adductor moment, 
GRF 
- ACLR:  average KAA & peak knee adductor 
moments compared to controls. 
 Vairo et al. 
(2008a) 
ACLR; 5M, 9F  
healthy controls; 
5M, 9F  
Single leg drop jump. 
Neuromuscular, 
biomechanical & 
isokinetic strength & 
endurance evaluations. 
- GRF, Hip & net summated extensor 
moments, Hip joint flexion, Knee joint 
flexion, Ankle joint flexion 
- No significant differences in hip & net summated 
extensor moments within or between groups.  
- ISGA (ipsilateral semitendinosus and gracilis 
autograft) ACLR:  pGRF at landing for involved 
limb compared to uninvolved & controls, > peak hip 
joint flexion angles at landing for involved 
compared to uninvolved limb & controls at initial 
ground contact,  peak hip joint flexion angles at 
landing for involved limb compared to uninvolved 
& pGRF, > peak knee & ankle joint flexion angles 
when landing on involved limb compared to control 
at pGRF. 
 
 K. A. Webster and 
Gribble (2010a) 
ACLR; 12F  
healthy; 12F  
Single leg hop. - Resultant vector of time to 
stabilization, GRF 
- ACLR: longer time to stabilize than control 
 
ACLD Chmielewski, 
Rudolph, 
Fitzgerald, Axe, 
and Snyder-
Mackler (2001b) 
ACLD; 9M, 2F  
healthy controls; 
8M, 2F 
Walking & jogging - Knee flexion angle, Internal knee 
extension moment, Support moment 
(at peak knee flexion), GRF 
- ACLD: flexed involved knee < than healthy subjects 
& uninvolved side during walking.  
- ACLD: < GRF during loading response, < knee 
support moment, &  ankle support moment during 
walking compared to controls. In jogging, involved 
knee angle at initial contact > extended compared to 
controls, & < knee flexion than uninvolved side. 
- No differences in kinetics during jogging. 
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 Hewett, Lynch, et 
al. (2010) 
ACLD; 2F, twins  
healthy controls; 
72F  
 
Jump distance, DVJ 
single leg hop. 
- KAA, Knee flexion angle, Side to side 
asymmetries, Anatomic & 
anthropometric: Femoral notch width 
height, weight, BMI, Side to side 
asymmetries, Vertical jump height 
-  KAA at one knee in both of the twins relative to 
uninjured controls at initial contact & at max 
displacement during landing.  
- ACL-INJ twin:  peak knee flexion motion at both 
knees than controls during landing.  
 
 Houck, Duncan, 
and De Haven 
(2005b) 
ACLD; 10M, 5F 
healthy controls; 
7M, 7F  
Straight-ahead task, 
crossover-cutting task, 
& a sidestep-cutting 
task. 
- Knee flexion angle, KAA, Knee 
internal rotation, Hip flexion angle, 
Hip abduction angle, Hip internal 
rotation, KAM, Knee flexion moment, 
Knee internal rotation moment, Hip 
abduction moment, Hip flexion 
moment, Hip internal rotation 
moment, Stride length 
- ACLD noncoper: 1.8° to 5.7° < knee flexion angle 
compared to control across tasks, used 22% to 27% 
< knee extensor moment during weight acceptance 
compared to control, 34% to 39% > sagittal plane 
hip extensor moments compared to control, hip 
frontal & transverse plane moments differ from the 
controls 
 
 F. T. Sheehan, W. 
H. Sipprell, and B. 
P. Boden (2012) 
Movie captures of 
20 athletes;  
Movie captures of 
20 athletes 
performing a 
similar manoeuvre 
that did not result in 
injury (controls) 
1-legged 
landing manoeuvre that 
resulted in an ACL 
injury 
- CoM_BoS/femur, Limb angle (relative 
to the gravity vector), Trunk angle 
(relative to the gravity vector 
- Landing with the CoM far posterior to the BoS may 
be a risk factor for noncontact ACL injury. 
- ACLD land with CoM far posterior to the BoS. 
 von Porat, 
Henriksson, 
Holmström, et al. 
(2006) 
ACLD; 12M  
healthy controls; 
12M  
 
Gait, step activity & 
cross over hop. 
 
- GRF, Step length, Velocity, Stance 
phase, Peak knee flexion, Knee power 
absorption, Knee extensor moment, 
Knee power generation 
- ACLD after 16 years < knee extension strength 
- No difference in knee joint kinematics & kinetics 
- ACL-INJ: < knee extension strength was associated 
with joint moment reductions during step activity & 
cross over hop.  
- No significant differences in knee joint kinetics & 
kinematics in an ACL injured group 16 years after 
injury compared with a matched control group. 
 
 Yamazaki, 
Muneta, Ju, and 
Sekiya (2009) 
ACLD; 32M, 31F  
healthy controls; 
14M, 12F  
Single leg squat. 
 
Relative angles between the body, 
thigh, & lower leg using an 
electromagnetic device: 
- Knee flexion, Knee adduction, Knee 
external rotation, Hip flexion, Hip 
adduction, Hip external rotation, KAA 
- UNINJ leg of ACL-INJ M: < external knee rotation 
than M control dominant leg  
- UNINJ leg of ACL-INJ F: > external hip rotation & 
knee flexion & less hip flexion than F control 
dominant leg  
- M INJ leg: < external knee & hip rotation, less knee 
flexion, & > knee varus than UNINJ leg. 
- F INJ leg: > knee varus than UNINJ leg.  
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- F > external hip rotation & knee valgus than M did 
in both the INJ & UNINJ legs.  
 
  
ACL = Anterior cruciate ligament 
ACLD = Anterior cruciate ligament deficient/injured 
ACLR = Anterior cruciate ligament reconstructed 
INJ = Injured 
UNINJ = Uninjured 
BoS = Base of support  
 
M = Males 
F = Females  
GRF = Ground reaction force 
pGRF = Peak ground reaction force 
KAM = Knee abduction moment 
KAA = Knee abduction angle 
 
RoM = Range of motion 
CoM = Centre of mass 
DVJ = Drop vertical jump 
EMG = Electromyography  
ACLINT = Anterior cruciate ligament intact 
 = increased , = decreased 
3.4 Discussions 
This study reviewed the level of evidence with respect to the in vivo biomechanical literature 
to identify risk factors for non-contact ACL injury during dynamic sports tasks, and it 
critically evaluated research trends from retrospective and associative studies around non-
contact ACL injury risk. The key findings of this review were a lack of level 1 evidence and 
a large number of level 3 evidence studies.  
Ideally, associative studies are designed from a strong base of level 1 and level 2 evidence. 
Having observed only one level 1 evidence study and conflicting level 2 evidence, this appears 
not to be the case. A similarly skewed evolution of studies has also been observed in the more 
mature field of ACL reconstruction research (Samuelsson et al., 2013) where studies with a 
lower level of evidence were published at a greater rate than level 1 or 2 evidence studies. Our 
study observed a large number of level 3 evidence studies that associated other variables to 
KAA and pKAM. An important consequence of this is parameter bias, which is where only a 
limited number of parameters are used to inform retrospective or associative study designs. 
This was observed to some extent in the retrospective studies and to a greater extent in the 
associative studies. Parameter bias makes the results of these studies dependent on the 
reproducibility of the level 1 evidence and to our knowledge the findings of Hewett et al. 
(2005) have as of yet not been confirmed independently. As long as that is the case, care 
should be taken using the KAA and pKAM parameters only. 
 
3.4.1 Recent level 1 evidence 
Abstracts from two additional prospective-cohort studies were presented at the IOC 2014 
World Conference Prevention of Injury & Illness in Sport, Monaco, France. The first study 
(Kristianslund, 2014) collected prospective bilateral drop vertical jump task (BDVJ) data from 
708 Norwegian elite female football and handball players and observed 38 non-contact ACL 
injuries from a bilateral drop vertical jump task. This has recently been published (Krosshaug 
et al., 2016) with 42 non-contact ACL injuries registered and neither pKAM, KAA, knee 
flexion angle and pVGRF predicted ACL injury. The second study involved US military 
cadets (Padua, 2014) also using a bilateral drop vertical jump task, observed 117 ACL injuries 
in males and females from a cohort of 5758 cadets. They also found that pKAM and KAA did 
not predict ACL injury but they did observe increased hip adduction and increased internal 
tibial rotation at contact in those who sustained an ACL injury. Both studies sampled larger 
cohorts and observed considerably more ACL injuries yet found that neither KAA nor pKAM 
predicted ACL injury. This has important consequences for the large number of level 3 
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associative studies examining pKAM and KAA only. The effect of parameter bias in this field 
therefore has important consequences for these studies and highlights the importance of 
having well-established level 1 evidence before conducting associative work. In the situation 
where conflicting level 1-evidence exists, it is clear that further prospective studies should be 
prioritized to develop a critical mass of biomechanical variables that predict ACL injury across 
studies. Researchers may wish to consider relevant factors identified from associative studies 
that may affect ACL injury risk yet have not been prospectively assessed including more 
dynamic tasks such as sidestepping, the influence of fatigue, and unanticipated movements.  
 
3.4.2 Extrapolation and standardization 
Appropriate caution should be taken when extrapolating the results of level 1 evidence studies 
to retrospective and associative studies. Specifically altered KAA, pKAM and pVGRF have 
only been found to predict ACL injury when calculated within the experimental protocol and 
sample of Hewett et al. (2005). Although this study is highly cited (1031 citations at time of 
submission), their low number of ACL injuries observed, and lack of familywise-error 
correction, means results require independent confirmation. The use of the KAA and pKAM 
was observed in many studies involving different age-groups, demographics, males and other 
tasks such as single leg landings and sidestepping. Although in many cases, significant effects 
on the KAA and pKAM have been found it is recommended that level 1 evidence studies 
inform their predictive value of ACL injury. 
Many conflicting results were found in both level 2 and 3 evidence studies. This is likely due 
to the variety of tested samples e.g. males, females, ACLD, ACLR, pre and post-puberty, ages, 
the variety of tasks e.g. BDVJ, side cutting, hopping, single leg landings. Whilst samples may 
be difficult to standardize given that most recruitment is governed by convenience, the choice 
of task and biomechanical methods, which can significantly affect the KAA and pKAM 
(Kristianslund, Krosshaug, Mok, McLean, & van den Bogert, 2014; Kristianslund, Krosshaug, 
& van den Bogert, 2012; Myer, Khoury, Succop, & Hewett, 2013; Robinson, Donnelly, Tsao, 
& Vanrenterghem, 2014; Robinson & Vanrenterghem, 2012), could be standardized. The 
BDVJ task is frequently chosen as it replicates the task from the prospective evidence (Hewett 
et al., 2005). It has the advantage that it is simple and reliable although its credibility as an 
ACL-injuring manoeuvre has been questioned (Kristianslund & Krosshaug, 2013). 
Furthermore, the BDVJ does not replicate sport specific landings, which are commonly only 
supported on one leg (Kristianslund & Krosshaug, 2013; Morgan, Donnelly, & Reinbolt, 
2014). The use of a more sport-specific movement as a measurement tool may produce more 
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sensitive and specific ACL injury predictors. One interesting observation was that a large 
number of studies used non-prospectively assessed tasks to associate to prospectively 
identified variables. Side cutting or sidestepping in particular was widely used (36%). The use 
of tasks that are informed by prospective evidence should be considered. Other than the task’s 
used, Hewett et al. only filtered their force data, this could have an important influence on 
their interpretation of the peak knee abduction moments as artefacts are introduced during the 
inverse dynamics process if cut-off frequencies are not matched between the forces and 
marker data (Kristianslund et al., 2012). Hewett et al. (2012) responded to this criticism citing 
that this evidence was from a different task (a run-cut) and questioning the timing of the 
artefacts introduced, but nonetheless this introduction of artefacts into the data remains.  
Hewett et al. also presented their ground reaction forces without normalisation which means 
that between-subject variations in weight were not accounted for. Furthermore, they also used 
a very simple biomechanical model where reflective markers are only placed on joints and 
one on each thigh and no functional hip and knee calibration was used to calculate the knee 
joint axis or hip joint centre. Though a study by Besier et al. (2003) has found that the 
functional hip and knee to be reliable and a way of reducing soft tissue artefacts. While miss-
locating of the hip joint centre can propagate error and cause kinematic delays (Stagni et al., 
2000).”This type of model would not typically be used to evaluate dynamic tasks because of 
the concern for the influence of soft tissue artefact on the results. This may therefore have 
consequences for the interpretation of the biomechanical measurements. Given all of the 
above points raised with respect to the work of Hewett et al. (2005) studies confirmation / 
replicating these results are warranted. 
 
3.4.3 Barriers to strengthen the available evidence 
Prospective studies are known to be expensive, time consuming and challenging with the 
possibilities of dropouts and negative results. The challenges of such studies have been 
outlined in detail (Padua, 2010). In particular, biomechanical techniques such as three-
dimensional motion capture and analysis tend to be time consuming; often requiring ~ 2 hours 
per study participant for data capture. This is obviously inhibitive to testing large cohorts. 
These challenges could be mitigated through automated data capture and analysis software 
and routines, efforts to move towards multi-centre studies through conducting inter-laboratory 
reliability assessments and standardization of methods, including using the same 
biomechanical models and data processing techniques that could increase numbers of 
participants and observed injuries whilst reducing methodological inconsistency. One recently 
published attempt to standardize biomechanical analyses across three laboratories showed 
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promising results (DiCesare et al., 2015). Once methodological standardization is established 
and the number of prospective studies increase, a meta-analysis of prospective studies will 
provide additional means by which risk factors can be evaluated. 
Samuelsson et al. (2013) identified a trend that high level of evidence studies in ACL 
reconstruction research (including randomized controlled trials) increased over time. This 
trend has not been observed in the context of the biomechanical contributors to primary non-
contact ACL injury risk. Although, with the publication of new prospective abstracts 
(Kristianslund, 2014; Padua, 2014) and a large new prospective cohort study (Krosshaug et 
al., 2016) more high level of evidence studies are being conducted which is welcome. Yet, 
additional research efforts are needed. The lack of high level evidence may also be because 
this research is preventative rather than therapeutic which typically means that the direct 
benefit to individuals is less clear and hence financial resources are less readily available. In 
addition, evidence from a cost-effectiveness study (Swart et al., 2014) shows that prevention 
programs give a better outcome where it reduces ACL injury incidence from 3% to 1.1% per 
season and are lower in cost to conduct. 
 
3.4.4 Limitations 
We specifically chose to focus on in vivo biomechanical studies. Whilst we acknowledge that 
other biomechanical research paradigms have made significant contributions to the 
understanding of ACL injury biomechanics including in vitro and in silico studies, it was our 
intention to focus on risk factors in vivo using participants of dynamic sports as these are most 
likely to inform injury prevention practice. 
 
3.5 Conclusions 
Our search revealed one prospective cohort study which aimed to determine how in vivo 
biomechanics can serve as a predictor of non-contact ACL injury. This study found that female 
athletes with increased dynamic knee abduction angle and with a high knee abduction moment 
are risk factors for ACL injury, albeit in a small sample of injuries. Many associative studies 
are based on these results alone and are therefore at risk of task and parameter bias. Though a 
reasonably large number of level 2 and 3 evidence studies are available, more prospective 
cohort studies are needed to drive on-going work with the purpose of developing prevention 
programs and clinical interventions. Generating a critical mass of high quality level 1 evidence 
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should therefore be the priority for research to advance the understanding of in vivo 
biomechanical risk factors for non-contact ACL injury. 
 
 
 
CHAPTER 4  
A prospective study for biomechanical ACL injury 
risk factors (2014 – 2016) 
In this chapter, the outcomes of a two-year prospective cohort study are 
presented as well as a transition to a contingency plan as no ACL injuries were 
observed 
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4.0 Abstract 
As conflicting findings and lack of high quality prospective evidence assessing the 
biomechanical risk factors of ACL injury, there is high demand for additional information. 
Therefore, additional prospective evidence is needed to confirm these risk factors 
independently. The aim of this study was to determine the biomechanical risk factors for non-
contact ACL injury during dynamic sporting activities in a two-year prospective cohort study. 
One-hundred and four healthy athletes who were free from lower-limb injuries for at least 12 
months and who regularly participating in dynamic sports took part in this study. Five trials 
of bilateral drop vertical jumps (BDVJ), single-leg hops (SLHOP), single-leg drop vertical 
jumps (SLDVJ) and sidestep (SS) tasks were performed. Participant’s activity and injury 
exposure were monitored for one-season through a bespoke mobile phone application. Eleven 
participants had no LKIS mobile application registered and were excluded from the 
prospective study. Out of 93 participants, 51% of the participants finished the monitoring 
requirement of 36 weeks. Though 14% of the participants only managed to comply for 0 to 4 
weeks. No ACL injury was observed during the monitoring period. As insufficient ACL 
injuries were observed, no new biomechanical risk factors for ACL injury could be identified. 
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4.1 Introduction 
In order to reduce the occurrence of ACL injuries, the injury mechanism and risk factors for 
injury should be understood (Section 2.2). Some prospective studies have assessed the risk 
factors associated with ACL injury (Goetschius et al., 2012; Hewett et al., 2005; Myklebust 
et al., 2003) but there is a high demand for additional information, as the findings are 
conflicting and their results are based on; (i) a small number of injuries, (ii) a restricted set of 
subject cohorts (not multi-sport), (iii) non-comparable assessment methods (different 
measuring tools) and (iv) only on one sex (females) or athlete’s status (either elite or 
recreational). These may explain why there are conflicting risk factors identified 
(Kristianslund & Krosshaug, 2013) and might explain why existing injury prevention 
programs show mixed results (Donnelly et al., 2012). 
Chapter 3 (Section 2.5) showed the importance of prospective studies and that there is a lack 
of high-quality prospective biomechanical data relating to ACL injuries. At the time that this 
study commenced (September 2014) only the prospective study of Hewett et al. (2005) was 
available. Their findings that knee abduction angles and knee abduction moments in bilateral 
drop vertical jump task are predictors of ACL injury among female athletes have been very 
influential and have directed and influenced the last 13 years of ACL injury research. 
Additional prospective evidence is needed to confirm these risk factors independently. 
The aim of this study was to determine the biomechanical risk factors for non-contact ACL 
injury during dynamic sporting activities in a two-year prospective cohort study. The findings 
of this study could also lead to the development of new screening tools for risk of ACL injury 
and be used to improve existing knee injury risk screening practice. 
 
4.2 Methods 
4.2.1 Participants 
The aim of this study was to recruit as many participants as possible (female and male) 
between the age of 18 – 35 years old. Participants who were free from lower limb injuries for 
at least 12 months and who regularly participated at least twice a week in highly dynamic 
sports such as football, handball, field hockey, basketball and netball were eligible to 
participate i.e. recreational/amateur athletes, beginner or university athletes etc… 
 
4.2.2 Experimental Design 
The prospective cohort study was known as the Liverpool Knee Injury Study (LKIS). 
Informed consent was obtained prior to testing. The Liverpool John Moores University Ethics 
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Committee approved the study. Prior to testing, participants were given a Sports and Injury 
History questionnaire (Appendix B), Exercise Readiness Questionnaire (Appendix C) and a 
consent form (Appendix D).  
 
4.2.3 Dynamic Tasks 
Participants were required to attend the biomechanics research laboratory once for a two-hour 
session. On the day of the testing, participants were required to do a warm-up which included 
light jogging and dynamic stretching. Participants were required to perform a series of 
dynamic tasks, which were randomly sequenced. After 10 minutes of dynamic warm-up and 
familiarisation, each participant was randomly assigned to perform bilateral drop vertical 
jumps, single-leg drop vertical jumps, single-leg hops and 45° sidesteps on both their 
dominant and non-dominant legs. As a recent study by van Melick et al. (2017) has shown 
that the leg used to kick a ball had 100% agreement between the self-reported and observed 
dominant leg for both men and women; prior to testing, participants were asked which leg 
they preferred to use to kick a ball in order to determine their leg dominance. Each task was 
performed five times and participants were given practice trials to ensure that they were 
sufficiently familiarised before completing each dynamic task. 
 
Bilateral and single-leg drop vertical jump  
A bilateral drop vertical jump (BDVJ) and single-leg drop vertical jump (SLDVJ) were 
performed maximally from a 30cm high box following the protocol described in a previous 
study (Myer, Ford, Khoury, Succop, & Hewett, 2011). The BDVJ task was chosen to replicate 
what previous prospective studies’ have used (Hewett et al., 2005; Krosshaug et al., 2016; 
Leppanen, Pasanen, Kujala, et al., 2017). Participants were instructed to stand on the box with 
the feet positioned 35cm apart. Before jumping off, participants were instructed to step off 
with one leg, landing with both legs at the same time in the middle of each of the force platform 
and to immediately perform a maximal vertical jump (aiming for maximum height) using both 
arms (Figure 4.1). For the single-leg drop vertical jump (SLDVJ) before jumping off, 
participants were instructed to stand on the box with one leg and the other leg remained off 
the ground, then to hop off with one leg and once landed in the middle of the force platform, 
to immediately do a maximal vertical jump single-legged while raising both arms up in the air 
(Figure 4.2).  The first landing was examined as this was where ‘initial contact’ and ‘take off’ 
was taken from. Trials were not considered suitable when any of the instructions were not 
followed i.e. did not immediately do a vertical jump or they landed too far off the force 
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platform. Such trials were discarded). Both dominant and non-dominant leg was examined for 
BDVJ and SLDVJ. 
 
Figure 4.1 Sequence of the bilateral drop vertical jump task 
 
 
Figure 4.2 Sequence of the single-leg drop vertical jump task 
 
Single-leg hop (SLHOP) 
A SLHOP was performed by jumping forward onto a force platform from a distance equal to 
the participant’s leg length (i.e. greater trochanter to lateral malleolus) (K. E. Webster, 
Gonzalez-Adrio, & Feller, 2004). The SLHOP task was included to replicate a deceleration 
stopping manoeuvre, which is commonly associated with injury. Participants were instructed 
to stand on one leg from the starting point and jump forward to the centre of the force platform 
on the same leg while still keeping the other leg off the ground. Only a firm landing with no 
movement or wobble and a single contact on the force platform was counted as a successful 
hop. Both dominant and non-dominant leg was examined for SLHOP. 
Sidestepping manoeuver (SS) 
In an ideal scenario, unanticipated SS was preferred as it is considered to better represent an 
accurate dynamic sporting conditions (J. H. Kim et al., 2014; Meinerz, Malloy, Geiser, & 
Kipp, 2015) but time constraints of the test session meant this was simply not possible. 
Therefore an anticipated SS was chosen for this study where the manoeuvers were performed 
by cutting sideways 45o on the force platform after a 10 m straight run (Figure 4.3). Timing 
gates (Brower Timing System, Utah, USA) placed 2 m apart with the second timing gate 50 
cm away from the force platform were used to monitor the approach speed. Participants were 
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instructed to do a straight run and when they reach the force plate, to immediately do a cut 
(either to the right or left), following through the poles. To limit inter-trial variability, this task 
was deemed successful when the approach speed was between 4 to 5 m.s-1 as it was found to 
be a safe balance between task achievement and loading, any approach speed beyond this will 
be discarded. Alongside that, the foot landed entirely on the force platform (Vanrenterghem 
et al., 2012) and the participant ran through two narrow vertical poles positioned just off the 
force platform at the desired cut angle was accounted for a succesfull trial. Both dominant and 
non-dominant leg was examined for SS.  
 
         
Figure 4.3 Sidestepping data collection set-up 
 
4.2.4 Project Automation Framework (PAF) integration 
Tracking each and every single participant and analysing the data can be time consuming. 
Therefore, to help manage data collection and initial processing, a PAF was used to assist in 
speeding up the workflow. A PAF was used in the Qualisys Track Manager (QTM) to 
customized data collection setup that automated repetitive workflow while streamlining the 
motion capture process for each participant. A custom made Visual3D analysis pipeline was 
created and the PAF called Visual 3D from within QTM to automate the model building and 
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analysis. The automated project workflow simplifies the report generation whilst making it 
quicker and easier to produce a finished report from a click of a button (Figure 4.4).  
In order to collect quality data efficiently and speed up the data collection process, a PAF was 
created with for all the motion capture needed i.e. Automatic Identification of Markers (AIM), 
volume calibration, static calibration, functional knee calibration, functional hip calibration, 
bilateral drop vertical jump, single-legged drop vertical jump, single-leg hop and sidecutting. 
By having these pre-set, time is saved from manually naming and saving each trials. After 
data collection is completed, the data could straight away be processed by clicking the analyse 
button. With PAF, the data process takes less than 3 minutes to complete where manually the 
data processing (from marker labelling)  could take up to 2 -3 hours per participant. 
 
 
Figure 4.4 Screenshot of the PAF integration in the Qualisys Track Manager software 
 
4.2.5 Injury and Exposure Monitoring  
A one-season follow-up was conducted. In order to ease the follow-up procedure, a mobile 
phone application (iOS and Android) was created to monitor participant’s activity and injury 
exposure. The mobile application was developed with the assistance of Liverpool John 
Moores University’s staff, Dr Chelsea Dobbins and Dr Martin Hanneghan from the School of 
Analysis button 
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Computer Sciences. The researcher, colleague and the researcher’s supervisory team designed 
all aspects of the mobile application and layout (Figure 4.5).  
 
   
Figure 4.5 (Left to right) LKIS mobile application welcome page, menu page and log activity 
/ injury page 
 
Participants were granted access to the mobile app at the end of the testing session. 
Participants’ anticipated time of exposure was declared upon installation of the LKIS mobile 
application. Data concerning sports exposure and dynamic-loading-related injuries were 
collected weekly and at the time of exposure and verified with individual players if necessary 
through an online injury registration system. On a weekly basis participants were notified by 
the app to respond to two primary questions concerning their declared sporting exposure and 
current injury status in the form of a simple yes/no response to the questions; (i) I have 
participated in sport as declared above (± 1 hour), and (ii) I have had a lower limb injury. 
During the monitoring period, follow-up questionnaires (Appendix E,F,G,H) were 
administered if the participant’s sport participation changed or they declared an injury (Figure 
4.6).   
	
	
		 	
0 
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Figure 4.6 A flow chart describing the follow-up process and questionnaires completed when 
relevant. 
 
The mobile application sent notifications to the participants for 36 weeks (1 season). If 
participants missed the first notification, another alert for the week was sent automatically the 
next day. The incoming data from the mobile application was stored in an allocated web server 
and checked weekly by the researcher (Figure 4.7). For participants who did not own a smart 
phone, the injury monitoring procedure was conducted through email.  
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week
No
Exposure 
monitoring 
questionnaire
Data stored 
for the 
week
I have had a 
lower limb injury
Yes
Post-injury 
questionnaire 
(lower-limb)
Knee 
injury?
Knee injury 
questionnaire KOOS knee survey 
MRI follow-up 
to confirm 
injury
Data stored 
for the week
No knee 
injury?
Data stored 
for the 
week
No
Data stored 
for the 
week
49 
 
 
Figure 4.7 The system composed of two distinct entities – the LKIS mobile application and a 
web server administration interface. The collected questionnaire was stored remotely on the 
web server, where it was available for the researcher to download.  
 
4.3 Results 
As no ACL injury observed during the monitoring period, the biomechanical outcomes will be 
covered in subsequent studies (Chapter 5 and 6). 
Eleven pilot participants had no LKIS mobile application registered therefore they were 
excluded from this study. Forty-six females (mean ± SD: age, 21.97 ± 3.98 years; height, 
170.04 ± 9.85 cm; mass, 69.92 ± 12.15 kg) and forty-seven males (mean ± SD: age, 21.83 ± 
3.91 years; height, 170.24 ± 9.69 cm; mass, 69.94 ± 12.13 kg) participated in the study. 
Participants were involved in highly-dynamic sports such as football (n=38), netball (n=11), 
field hockey (n=10), basketball (n=9), rugby (n=7), handball (n=6), volleyball (n=6), 
badminton (n=4), squash (n=1), tennis (n=1). The participant compliance in reporting their 
activities and injury through the LKIS mobile application is illustrated in Figure 4.8. Out of 
93 participants, 51% of the participants finished the monitoring requirement of 36 weeks. 
Though 14% of the participants only managed to comply for 0 to 4 weeks.   
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Figure 4.8 Participants compliance through self-reporting LKIS mobile application (n=93) 
 
The highest declared weekly exposure was 20 hours and the lowest was 2. Most of the 
participants had declared 6 hours of exposure per week while only three participants declared 
20 hours (Figure 4.9). During the 36 weeks of follow-up, no ACL injuries were reported, 
though a few other injuries were seen. Injuries were recorded and verified through the LKIS 
mobile application log, in the “injury comments” section and also through the Post-injury 
Questionnaire for the lower limbs (Figure 4.4). Common lower limb injuries reported were 
hamstring or quadriceps strain/pull (n=7), lateral collateral ligament strain (n=1), ankle sprain 
(n=4) and muscle/ligament soreness around the foot and knee (n=6).  
 
   
Figure 4.9 Participants’ declared exposure on average (per week) 
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4.4 Discussion 
As previous prospective study only observed 9 ACL injuries in a sample of 205 participants 
(Hewett et al., 2005), therefore a bigger sample size was needed to observe bigger number of 
injuries. As the calculated incidence are 0.17 and 0.23 per 1000 hours for male and female 
(Agel et al., 2016), in order to observe higher number of injuries, a bigger sample size and 
longer exposure time was needed. Despite the extensive recruitment effort and outreach, this 
study only manage to recruit 104 participants. This may be due to several causes, though the 
problem that mainly effected the recruitment number was due to the university’s semester 
break. As our participants were mainly university athletes, this means that recruitment were 
only most efficient during term times.   
Unfortunately, this study did not observe any ACL injuries. The 93 participants in this study 
was monitored based on self-declared exposure which adds up to 26,064 hours of exposure 
over the full testing period. Typical ACL injury incidence rates are 0.10 (females) and 0.057 
(males) per 1000 hours of athlete exposure during active sport participation (Bjordal et al., 
1997). With the above incidence rates, monitoring males and females and this study’s total 
hours of exposure, we might have expected to see at the very least one or two injuries in our 
cohort. According to a more recent study (Agel et al., 2016) with incidence rates of 0.17 and 
0.23 per 1000 hours for male and females respectively, we might have expected to observe at 
least 4 to 5 injuries, which would approach the number of injuries in a previously reported 
study (Hewett et al., 2005). Our participants were athletes who participated in high-risk 
dynamic sports in which ACL injury commonly occur in (Gianotti et al., 2009; Gornitzky et 
al., 2016; Joseph et al., 2013; Prodromos, Han, Rogowski, Joyce, & Shi, 2007). One 
characteristics of our cohort is that everyone was aged above 18 years old and injury incidence 
is higher in younger adolescents (aged 13-18) (Bjordal et al., 1997; Mall et al., 2014) and late 
childhood (aged 10–12) (Caine, Purcell, & Maffulli, 2014; Gianotti et al., 2009; Shaw & 
Finch, 2017).  
The timing of when the participants were recruited and assigned to the LKIS mobile 
application may also affect the study’s outcome. In a study of injury reporting by short 
messaging service (SMS) (Ekegren, Gabbe, & Finch, 2014), it was seen that throughout the 
season the number of injuries dropped.  Our participants were recruited at the beginning of 
their season, they therefore during the monitoring period may have become better adapted to 
the training and competition’s needs of their sports (Braham, Finch, McIntosh, & McCrory, 
2004; McManus et al., 2004). As the participants mostly came from the university sports 
teams, in addition to training sessions they were often also receiving strength and conditioning 
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training perhaps making them less susceptible to injury. The timing of this study was restricted 
by the availability of students during the academic year as this was the most feasible time for 
the monitoring to occur.  
Many different methods have been used to monitor exposure and injury (Ekegren et al., 2014; 
Moller, Attermann, Myklebust, & Wedderkopp, 2012; Nilstad, Bahr, & Andersen, 2014) 
though none had used a bespoke mobile application. Forty-seven participants from this study 
managed to complete the LKIS monitoring for the whole monitoring period while 13 of the 
93 participants completed the monitoring for less than 4 weeks. The LKIS mobile application 
was developed to lead to a high compliance during follow-up as previous studies had seen 
increased response rates in novel injury surveillance methods (Ekegren et al., 2014; Moller et 
al., 2012). However, only 51% of the participants in our study completed the 36 weeks 
monitoring. This may be due to several possible causes such as changing to a new mobile 
phone, starting new employment or lack of interest. Some of these causes has also been seen 
by Hanauer, Wentzell, Laffel, and Laffel (2009) in their study on the Computerized 
Automated Reminder Diabetes System (CARDS) where they saw a decline in response rates 
throughout their 3-month study. They also assumed that despite the advance reminder system, 
over time it became laborious and participants lose interest (Hanauer et al., 2009). This 
perhaps, may explain some of the causes of our monitoring responses. Although monitoring 
compliance was mixed, we are confident that no ACL injuries were sustained or remained 
unreported. In summary, we were confident that the LKIS mobile monitoring application was 
fit for purpose and it is likely that other reasons such as self-reporting more substantially 
influenced monitoring success.  
A self-reported follow-up system which requires the participant to respond independently 
means that it is not possible for the researcher to track their actual training and exposure hours 
throughout the 36 weeks. We therefore acknowledge the limitations that come with this type 
of monitoring system including a reliance on the integrity of the participants. An extreme 
solution to this could be hiring research assistants or creating a larger interdisciplinary team 
to rigidly enforce injury reporting e.g. Padua (2010), or using wearables that track the activity 
levels of participants.  
 
4.5 Conclusion 
Overall, as insufficient ACL injuries were observed, no new biomechanical risk factors for 
ACL injury could be identified. A contingency plan was therefore developed and used for the 
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remainder of this thesis. It focussed on using the data collected from the prospective cohort 
study to meet the following objectives related to utility of biomechanical risk factors for ACL 
injury risk screening; the first study wished to determine if established prospective ACL injury 
risk factors rank individuals consistently across different dynamic tasks (Chapter 5) and the 
second study was more exploratory, using mechanism-informed risk factors, to determine if 
multi-planar mechanism-derived variables ranked individuals more consistently across tasks 
than uni-planar variables (Chapter 6).  
 
 
 
CHAPTER 5  
How consistently do ACL injury risk factors classify 
an individual across different tasks?  
In this chapter a novel risk profile or “movement signature” is presented. An 
athlete has a strong movement signature if they have a task-invariant movement 
pattern leading to a consistently ranked score on a biomechanical risk factor. 
Almost all participants showed task-invariant movement signatures of which 58 
% were undesirable. 
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5.0 Abstract 
Several prospective studies have suggested biomechanical risk factors for non-contact anterior 
cruciate ligament (ACL) injury however; the relationship of this risk factor alone does not 
inform task-invariant behaviours. Ideally, risk factors should be ranked consistently across a 
variety of dynamic tasks and form an individual’s task-invariant ‘movement signature’. 
Therefore, this study aims to determine if established prospective ACL injury risk factors rank 
individuals consistently across multiple bilateral and single-leg dynamic tasks, and to explore 
if a task-invariant movement signature can frequently be identified for individual athletes. 
Forty-one female and forty-six male athletes regularly participating in dynamic sports 
participated in a controlled laboratory study. 5 trials of bilateral drop vertical jumps (BDVJ), 
single-leg hops (SLHOP), single-leg drop vertical jumps (SLDVJ) and sidestep (SS) tasks 
were performed. Knee abduction angle at initial contact (KAA), peak knee abduction moment 
(pKAM), peak knee flexion angle (pKFA), peak vertical ground reaction force (pVGRF) and 
medial knee displacement (MD) were extracted and correlated between tasks. Each participant 
was ranked according to each risk factor, and then grouped into quintiles for each task. Rank 
score and absolute sum of error for each participant were also calculated. Moderate to good 
correlations were observed between SLDVJ and SLHOP across all risk factors (ρ=0.41-0.86). 
KAA showed moderate to good correlations across tasks (ρ =0.43-0.86) while the remaining 
variables showed very low to moderate correlations (ρ=-0.02-0.69). Individual analysis 
revealed a high number of movement signatures (140 out of 174 participants leg) and more 
than half were highly ranked. The results suggests that KAA showed most potential in 
providing task-invariant information concerning an individual’s ACL injury risk. However, 
correlation analysis alone does not inform us of the individual’s relative change across tasks. 
Further individual analysis proved the existence of task-invariant movement signatures and 
its capability to identify undesirable movement behaviours.  
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5.1 Introduction 
Screening is the core process of detecting individuals who are at risk of a disease or condition. 
The early identification of people who are “at-risk”, means prevention or treatment programs 
can be implemented to prevent or reduce future illness or diseases. In the context of injury 
prevention in sports, the main aim of screening is to identify individuals who are at increased 
risk and may benefit from a prevention program. In order for screening to effectively identify 
individuals with at risk behaviours, risk factors should be considered carefully through 
appropriate prospective study designs (Bahr, 2016). Traditionally, risk factors are only 
assessed through one observed variable in a single task, whereas one would expect that an 
individual who is at risk would demonstrate a particular behaviour across different tasks, 
demonstrating a movement pattern that is task-invariant. If this were true, task-invariant risk 
factors could form an individual’s “movement signature” – a collection of variables 
characterising an individuals’ at-risk behaviours across tasks. 
In the context of anterior cruciate ligament (ACL) injuries and as discussed in Section 2.3 and 
2.4, undesirable movement and loads are problematic in dynamic sports (Alentorn-Geli et al., 
2009; Boden et al., 2000; Cochrane, Lloyd, Buttfield, Seward, & McGivern, 2007; Krosshaug 
et al., 2007). Researchers and practitioners therefore use a variety of dynamic tasks to examine 
ACL injury risk behaviours. These have included vertical drop jumping (Hewett et al., 2005; 
Krosshaug et al., 2016; Leppanen, Pasanen, Kujala, et al., 2017), single-leg landing and hop 
tasks, and sidestepping manoeuvers (Boden et al., 2000; Zebis, Andersen, Bencke, Kjaer, & 
Aagaard, 2009).  Findings from Chapter 3 have shown that only a small number of prospective 
studies have identified biomechanical risk factors of non-contact ACL injury in females. 
Hewett et al. (2005) found that greater peak knee abduction moment was the strongest 
predictor of ACL injury when landing in a bilateral drop vertical jump, alongside greater knee 
abduction angle at initial contact and greater peak vertical ground reaction force. In a similar 
task, Krosshaug et al. (2016) found only greater medial knee displacement to be a predictor 
of ACL injury out of five risk factors considered. Another study found that stiff landings (a 
more extended knee and greater peak ground reaction force) were associated with increased 
non-contact ACL injury risk (Leppanen, Pasanen, Kujala, et al., 2017). As different risk 
factors were identified in these prospective studies all of these risk factors will be considered 
in the present study to determine if any are task-invariant.  
Some studies have begun to examine biomechanical risk factors between tasks. A study by 
Kristianslund and Krosshaug (2013) compared the bilateral drop vertical jump and sport-
specific sidestepping task. In their study, the knee abduction moment displayed a poor 
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correlation between two tasks. Other studies (Jones, Herrington, Munro, & Graham-Smith, 
2014; McLean, Walker, & van den Bogert, 2005) have however suggested that dynamic 
valgus was reasonably consistent across single-leg landing tasks, reporting a good correlation 
in the peak knee abduction angle across tasks and a moderate to good correlation for peak 
knee abduction moments (Harty, DuPont, Chmielewski, & Mizner, 2011; Jones et al., 2014). 
However, all of these studies looked for correlational relationships only. For an individual 
athlete, correlation alone fails to describe how an athlete may change their relative position 
within a group and whether they are ranked similarly across tasks.  
In order for screening to be of value to an individual athlete, considering a threshold behaviour 
based on a singular observation in a single task is unlikely effective to identify those who are 
at risk with acceptable sensitivity and specificity at the same time (Bahr, 2016). The 
neuromechanical Principle of Individuality explains how the motor modules may generate 
individuality in movement patterns (Ting et al., 2015). Therefore, an individual may have their 
own “motor program styles” which are dependent on their movement history, learning 
processes and experiences which have developed over many repetitions. For instance, when 
observing someone walking, most of the time just by observing his or her gait pattern, one can 
recognise who that person is (Cutting & Kozlowski, 1977). Maybe a similar approach could 
be applied in injury screening. If characteristics of an individual can be identified across a 
number of tasks, then these are likely hard-wired behaviours that are task-invariant and 
representative of an athlete’s behaviour, in other words, the athlete’s movement signature. 
Based on the existence of a movement signature, one may predict that critical behaviours 
would rate consistently with respect to other individuals from an observed cohort. 
Furthermore, observing the consistency of key characteristics across dynamic tasks may give 
us a complete insight into the possibility of task-invariant screening for non-contact ACL 
injury risk for both males and females.  
This study aimed to determine if established prospective ACL injury risk factors rank 
individuals consistently across multiple bilateral and single-leg dynamic tasks, and to explore 
if a task-invariant movement signature can frequently be identified for individual athletes. 
5.2.1 Methods 
5.2.1 Participants and experimental design 
After quality checking the biomechanical data, 87 participants were available to be included 
for this study (17 discounted participants from the 104 prospective study had either bad 
58 
 
biomechanical data due to missing markers that were not fixable [5], they were pilot 
participants who when initially tested did not perform all four dynamic tasks [9] or their 
biomechanical data has not yet been thoroughly quality checked in time for this study [3]). 
Forty-one female (mean ± SD: age, 22.2 ± 3.8 years; height, 163.9 ± 7.5 cm; mass, 64.0 ± 
10.2 kg) and forty-six male (mean ± SD: age, 21.2 ± 3.4 years; height, 175.5 ± 8.6 cm; mass, 
75.0 ± 12.1 kg) athletes who were free of lower limb injuries for at least 12 months participated 
in this study. Full description of participants and experimental design were described in 
Section 4.2.1 and 4.2.2.  
 
5.2.2 Dynamic Tasks 
Participants were required to perform the bilateral drop vertical jump (BDVJ), single-leg drop 
vertical jump (SLDVJ), single-leg hop (SLHOP) and a 45° sidestepping (SS). Full details of 
the dynamic tasks involved has been described in Chapter 4 (Section 4.2.3). 
 
5.2.3 Biomechanical assessments of the dynamic tasks 
Motion data were captured at 250 Hz using ten optoelectronic cameras (Oqus Cameras, 
Qualisys AB, Gothenburg, Sweden). Ground reaction forces were measured by two force 
platforms sampling at 1500 Hz (9287C, Kistler Instruments Ltd., Winterthur, Switzerland). 
Forty-four spherical markers were attached to the participants according to the previously 
described LJMU Lower Limb and Trunk model (Figure 5.1) (Malfait et al., 2014; 
Vanrenterghem, Gormley, Robinson, & Lees, 2010). Static and functional joint trials were 
collected prior to testing to define functional hip and knee joint centres. Participants stood in 
the anatomical position for the static calibration; this was taken to define the anatomical 
coordinate systems. The functional knee calibration was conducted by flexing and extending 
the knee for 5 s whilst the leg was off the ground. The functional knee trial was used to project 
the lateral and medial knee markers onto the functional knee axis (Besier et al., 2003, 
Robinson et al., 2012). The functional hip calibration was taken to calculate the hip joint centre 
and this was conducted in a 15 s trial with 5 s of  abduction-adduction, flexion-extension and 
rotation of the hip.  Both the hip joint centre and knee axis were calculated based on the 
algorithm implemented in Visual 3D (Schwartz et al., 2004). Knee joint moments from both 
limbs were estimated using inverse dynamics. Motion data were modelled and analysed using 
Butterworth filter with 20 Hz cut-off frequency in Visual 3D (v.5.02.30 C-Motion, 
Germantown, MD, USA) as it was deemed to be most appropriate as consistently filtering 
both forces and motion data may avoid the introduction of artefacts into data (Bisseling & 
Hof, 2006; Kristianslund et al., 2012).  
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Figure 5.1 LJMU Lower Limb and trunk model (a) marker placement, (b) Qualisys Tracking 
Manager AIM model and (c) Visual 3D model 
 
Prospectively identified ACL risk factors (Table 5.1) were then calculated (Hewett et al., 
2005; Krosshaug et al., 2016; Leppanen, Pasanen, Kujala, et al., 2017). Initial contact  was 
defined as the point where the filtered vertical ground reaction force exceeded 20 N and take-
off was defined as the point when the foot comes off the ground as it passes the filtered vertical 
ground reaction force of 20 N threshold (page xiv). Peak values were obtained within the 
initial contact and the take-off instances for BDVJ, SLDVJ and SLHOP. Specifically for 
sidestepping, peak values were taken within the weight acceptance phase (page xv) which is 
within the initial contact to the end of the passive phase as it was found to be at its maximum 
magnitude in the sagittal and transverse plane and is often associated with the timing of ACL 
injury occurrence, which is within 40 milliseconds from initial contact (Besier et al.,2001; 
Dempsey et al., 2007; Koga et al., 2010). External moments was presented in this study. Angle 
and moment convention used were as follows; (-) flexion, (+) extension, (-) abduction and (+) 
adduction. The reliability for key variables has been previously studied (Malfait et al., 2014; 
Sankey et al., 2015) except for medial knee displacement. 
 
Table 5.1 Biomechanical risk factors from previous prospective studies obtained from 
bilateral drop vertical jump task 
Variable Author 
Knee abduction angle at initial contact Hewett et al. (2005) 
Peak knee abduction moment Hewett et al. (2005) 
Medial knee displacement Krosshaug et al. (2016) 
Peak knee flexion angle Leppanen, Pasanen, Kujala, et al. (2017) 
Peak vertical ground reaction force Leppanen, Pasanen, Kujala, et al. (2017) 
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The medial knee displacement was previously described (Krosshaug et al., 2016; Leppanen, 
Pasanen, Kujala, et al., 2017) and was created using a custom Visual 3D script (v. 5.02.30, C-
Motion, Kingston, Canada). The medial knee displacement was defined as the change of 
medial knee position from touchdown to peak knee abduction (Krosshaug et al., 2016; 
Leppanen, Pasanen, Kujala, et al., 2017) (Figure 5.2). Medial knee position was the 
perpendicular distance from the knee joint centre to the line joined by the hip and ankle joint 
centres projected on the frontal plane. When the knee joint centre was lateral to this line, 
medial knee position was given a value of zero. Medial knee displacement was not derived 
for sidestepping as it was not considered appropriate given the abducted position of the hip 
and extended knee position. Means and standard deviations were calculated for all of the 
variables. 
 
 
 
 
 
 
 
Figure 5.2 Medial knee position was the perpendicular 
distance from the knee joint centre to the line joined by the 
hip and ankle joint centres projected on the frontal plane.  
Permission has been granted to use this image.  (Krosshaug et al., 2016)  
 
 
 
5.2.4 Statistical Analysis 
Statistical analyses were performed using SPSS (23.0.0.2, SPSS Inc., Chicago, Illinois, USA) 
for both dominant and non-dominant legs. Mean values for each task were obtained and 
correlated in task pairs using a Spearman’s rank correlation coefficient (ρ). Correlations were 
rated as very good (0.90 - 1.00), good (0.70 - 0.89), moderate (0.40 - 0.69), poor (0.20 - 0.39) 
or very poor (0.00 - 0.19) (Field, 2013). The coefficient of variation was calculated to quantify 
the group variation (task and leg dominance). Coefficient of variation is the ratio of the 
standard deviation (s) to the mean (x) expressed as; 
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For each variable, paired tasks were separated by sex and leg dominance. A paired t-test was 
used to determine whether there were any significant differences between leg dominance from 
the same participant. No Bonferroni correction was used in this study. 
Each participant group was ranked according to each risk factor, and then grouped into 
quintiles for each task. The 5th quintile displays the highest score, which represented the worst 
or more undesirable score, while the 1st quintile represented the lowest scores or more 
desirable. To keep interpretation of the quintiles the same the pKFA data were reversed to 
match this interpretation. Quintile ranks were represented with the colour yellow, green, 
turquoise, dark blue and purple, 1st, 2nd, 3rd, 4th and 5th respectively. The sum of task 
rankings for each participant and an absolute sum of error was calculated to observe the 
behaviour of each participant across tasks:  
The sum of each task’s quintile rank was calculated to observe if participants ranked in the 
same quintile across tasks e.g. if a participant was ranked in the 1st quintile for all tasks of the 
variable, their rank score would be 1+1+1+1 = 4 and if a participant ranked 5th in BDVJ, 1st 
in SLDVJ, 4th in SLHOP and 5th in SS, their rank score would be 5+1+4+5 = 15. For each 
variable’s column, the score was sorted by descending order.  
The absolute sum of errors was calculated to describe the extent to which participants’ 
rankings changed between tasks. The absolute sum of errors compared the differences 
between quintile ranks for each pair of tasks, e.g. if participant ranked 1st for BDVJ, 3rd for 
SLDVJ, 1st for SLHOP and 2nd for SS for KAA, that would give an absolute error score of 7 
(2 [pair BDVJ & SLDVJ] + 0 [pair BDVJ & SLHOP] + 1 [pair BDVJ & SS] + 2 [pair SLDVJ 
& SLHOP] + 1 [pair SLDVJ & SS] + 1 [SLHOP & SS]). Participants who were in the same 
quintile rank across tasks for KAA would have an error score a 0 (0+0+0+0+0). A median 
value of the absolute sum of error score was identified for each variable and annotated with a 
white line (median-error) (page xiv). The absolute sum of errors was then sorted by ascending 
order for each variable.  
5.2.5 Movement signature  
A movement signature was defined as a consistent quintile rank across tasks in a particular 
risk factor where all tasks ranked in the same quintile or 3 tasks ranked in the same quintile, 
with 1 task ranked ± one difference to the majority quintile i.e. 3rd, 3rd, 3rd, 2nd or 3rd, 3rd, 3rd, 
4th (Figure 5.3) (page xiv). When there is inconsistent quintile ranking across tasks, no 
movement signature is observed.   
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Figure 5.3 An example of quintile ranks across tasks and what constituted a movement 
signature or no movement signature. 
 
5.3 Results 
The descriptive data (Table 5.2) displayed that the knee abduction angle (KAA) at initial 
contact appeared to be generally consistent across tasks for both males and females whereas 
peak knee flexion angle (pKFA) was quite different across tasks. Peak knee abduction 
moments (pKAM) also differed across tasks. Peak vertical ground reaction force (pVGRF) 
was highest in SLDVJ whereas the medial knee displacement (MD) was highest in the BDVJ.  
 
Table 5.2 Descriptive data of variables across tasks (female, n=41 and male, n=46) 
participants 
Task Variable KAA pKAM pKFA pVGRF MD 
  deg Nm.kg-1 deg BW cm 
BDVJ F DOM 0.7 ± 3.6 0.41 ± 0.18 -98.0 ± 10.9 1.66 ± 0.32 2.6 ± 1.7 
 F NDOM 0.7 ± 3.1 0.29 ± 0.11 -97.2 ± 10.7 1.55 ± 0.38 3.3 ± 2.3 
 M DOM 2.3 ± 3.7 0.34 ± 0.20 -97.3 ± 13.2 1.76 ± 0.43 4.9 ± 2.9 
 M NDOM 2.7 ± 4.5 0.27 ± 0.17 -96.7 ± 13.6 1.56 ± 0.32 5.7 ± 3.2 
SLDVJ F DOM -0.3 ± 3.3 0.43 ± 0.23 -67.2 ± 8.8 3.47 ± 0.43 2.1 ± 1.3 
 F NDOM -0.5 ± 2.7 0.25 ± 0.16 -66.1 ± 7.8 3.46 ± 0.42 1.5 ± 1.2 
 M DOM 1.5 ± 3.2 0.35 ± 0.18 -68.9 ± 9.4 3.40 ± 0.53 3.0 ± 1.3 
 M NDOM 1.2 ± 3.2 0.26 ± 0.15 -67.0 ± 8.8 3.46 ± 0.49 3.1 ± 1.4 
SLHOP F DOM -2.3 ± 3.3 0.30 ± 0.13 -61.8 ± 9.2 2.86 ± 0.40 1.2 ± 1.1 
 F NDOM -2.1 ± 2.7 0.12 ± 0.12 -60.6 ± 8.6 2.83 ± 0.42 0.9 ± 1.0 
 M DOM -0.4 ± 3.0 0.22 ± 0.16 -58.8 ± 7.9 3.05 ± 0.59 1.5 ± 1.3 
 M NDOM -0.8 ± 3.1 0.13 ± 0.16 -56.7 ± 8.2 3.05 ± 0.49 1.7 ± 1.1 
SS F DOM -2.6 ± 4.0 0.52 ± 0.89 -52.9 ± 6.1 3.02 ± 0.42 - 
 F NDOM -1.8 ± 2.8 0.34 ± 0.41 -52.8 ± 7.2 2.95 ± 0.47 - 
 M DOM 0.2 ± 3.7 0.38 ± 0.72 -52.4 ± 5.2 3.04 ± 0.39 - 
 M NDOM -0.4 ± 3.7 0.47 ± 0.59 -52.0 ± 4.7 3.03 ± 0.39 - 
BDVJ bilateral, drop vertical jump; SLDVJ, single-leg drop vertical jump; SLHOP, single-leg hop; SS, 
sidestep; KAA, knee abduction angle at initial contact; pKAM, peak knee abduction moment; pKFA, peak knee 
flexion angle; pVGRF, peak vertical ground reaction force; MD, medial knee displacement; F, female; M, 
male; D, dominant leg; NDOM, non-dominant leg. 
Values are reported as mean ± standard deviation. IC, initial contact; VGRF, vertical ground reaction force; 
deg, degrees; BW, body weight. 
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5.3.1 Coefficient of variation 
For males, the KAA at initial contact for SS in the dominant (DOM) leg revealed the highest 
coefficient of variation of 17.02% (Table 5.3). For females, SLDVJ has the highest coefficient 
of variation for the KAA at initial contact. 
Table 5.3 Coefficient of variation (%) across tasks 
Female KAA pKAM pKFA pVGRF MD 
BDVJ DOM 5.02 0.45 0.11 0.20 0.68 
BDVJ NDOM 4.35 0.37 0.11 0.25 0.69 
SLHOP DOM 1.45 0.43 0.15 0.14 0.87 
SLHOP NDOM 1.29 1.00 0.14 0.15 1.01 
SS DOM 1.53 1.73 0.11 0.14 - 
SS NDOM 1.56 1.22 0.14 0.16 - 
SLDVJ DOM 11.38 0.53 0.13 0.12 0.66 
SLDVJ NDOM 5.96 0.65 0.12 0.12 0.79 
Male KAA pKAM pKFA pVGRF MD 
BDVJ DOM 1.61 0.57 0.14 0.24 0.60 
BDVJ NDOM 1.65 0.65 0.14 0.20 0.56 
SLHOP DOM 7.56 0.72 0.13 0.19 0.84 
SLHOP NDOM 3.82 1.28 0.14 0.16 0.66 
SS DOM 17.02 1.91 0.10 0.13 - 
SS NDOM 9.87 1.25 0.09 0.13 - 
SLDVJ DOM 2.17 0.53 0.14 0.15 0.45 
SLDVJ NDOM 2.75 0.59 0.13 0.14 0.45 
KAA, Knee abduction angle at initial contact; pKAM, peak knee abduction moment; pKFA, peak knee flexion angle; 
pVGRF, peak vertical ground reaction force; MD, medial knee displacement; BDVJ, bilateral drop vertical jump; SLDVJ, 
single-leg drop vertical jump; SLHOP, single-leg hop; SS, sidestep; DOM, dominant leg; NDOM, non-dominant leg. 
 
5.3.2 Relationships between tasks 
Generally, significant relationships were seen across all tasks. For KAA, 23 out of 24 were 
significant for both female and male dominance except for the BDVJ and SS pair in female 
non-dominant (NDOM). Yet, 18 out of 24 of the pVGRF were seen to be not significant except 
for both female and male SLDVJ and SLHOP, and male’s BDVJ and SLDVJ. Very few 
variables showed a good to strong correlation (Table 5.4). A moderate to good correlation was 
observed for the KAA at initial contact (ρ = 0.43 – 0.86) in both males and females. KAA at 
initial contact for the pair SLDVJ and SLHOP in both male and female for DOM and NDOM 
leg showed a good correlation (ρ = 0.81 - 0.86). Poor correlations were seen in the female 
NDOM limb for the BDVJ and SLHOP and, BDVJ and SS. The pKAM displayed a very poor 
to moderate correlation (ρ = 0.06 – 0.67) across tasks. The lowest was seen for the SLDVJ 
and SS in female NDOM and both male DOM and NDOM. pKFA for both female and male 
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in both DOM and NDOM limb revealed a very poor to moderate correlation across tasks (ρ = 
-0.07 – 0.96). Only male NDOM for the BDVJ and SLDVJ pair has shown good spearman ρ 
of 0.71. Nearly all of the pVGRF and MD showed poor to very poor correlation across tasks 
(ρ = 0.33 - -0.02).  A consistent moderate to good correlation was seen between the SLDVJ 
and SLHOP across all risk factors with spearman ρ of 0.41 to 0.86 for both female and male 
and all were seen to be significant.  
 
 
 
Table 5.4 Spearman’s rank correlation coefficients for the risk factors across different tasks 
Spearman's rho 
KAA pKAM pKFA pVGRF MD 
F DOM F NDOM F DOM F NDOM FDOM FNDOM F DOM F NDOM F DOM F NDOM 
BDVJ - SLDVJ Correlation 
Coefficient 0.64** 0.47** 0.67** 0.49** 0.62** 0.54** 0.26 0.24 0.30 0.07 
 P value 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.13 0.06 0.68 
BDVJ - SLHOP Correlation 
Coefficient 0.55** 0.39* 0.63** 0.40* 0.23 0.07 0.29 0.01 0.30 0.08 
 P value 0.00 0.01 0.00 0.01 0.15 0.67 0.07 0.96 0.06 0.62 
BDVJ - SS Correlation 
Coefficient 0.58** 0.28 0.39* 0.21 0.42** 0.38* 0.21 0.20   
 P value 0.00 0.08 0.01 0.19 0.01 0.02 0.19 0.21   
SLDVJ - SLHOP Correlation 
Coefficient 0.85** 0.85** 0.65** 0.58** 0.46** 0.36* 0.41** 0.49** 0.58** 0.58** 
 P value 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00 
SLDVJ - SS Correlation 
Coefficient 0.72** 0.64** 0.58** 0.15 0.60** 0.55** 0.10 0.09   
 P value 0.00 0.00 0.00 0.35 0.00 0.00 0.54 0.57   
SLHOP - SS Correlation 
Coefficient 0.66** 0.60** 0.48** 0.50** 0.35* 0.38* 0.25 0.04   
 P value 0.00 0.00 0.00 0.00 0.03 0.02 0.12 0.82   
  
* Colour chart 
 
r value 0.00 to 0.19 0.20 to 0.39 0.40 to 0.69 0.70 to 0.89 0.90 to 1.00 
      
**Correlation is significant at the 0.01 level (2-tailed). 
*Correlation is significant at the 0.05 level (2-tailed). 
aKAA, Knee abduction angle at initial contact; pKAM, peak knee abduction moment; pKFA, peak knee flexion angle; pVGRF, peak vertical ground reaction force; 
MD, medial knee displacement; BDVJ, bilateral drop vertical jump; SLDVJ, single-leg drop vertical jump; SLHOP, single-leg hop; SS, sidestep; F, female; DOM, 
dominant leg; NDOM, non-dominant leg. 
Spearman’s rho 
KAA pKAM pKFA pVGRF MD 
M DOM M NDOM M DOM M NDOM M DOM M NDOM M DOM M NDOM M DOM M NDOM 
BDVJ - SLDVJ Correlation 
Coefficient 0.50** 0.64** 0.41** 0.46** 0.67** 0.71** 0.43** 0.33* 0.17 0.42** 
 P value 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.25 0.00 
BDVJ - SLHOP Correlation 
Coefficient 0.43** 0.51** 0.57** 0.51** 0.46** 0.37* 0.27 -0.02 0.06 0.55** 
 P value 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.87 0.68 0.00 
BDVJ - SS Correlation 
Coefficient 0.44** 0.56** 0.28 0.36* -0.07 0.29 -0.02 -0.02   
 P value 0.00 0.00 0.06 0.01 0.65 0.05 0.88 0.89   
SLDVJ - SLHOP Correlation 
Coefficient 0.86** 0.81** 0.52** 0.55** 0.69** 0.62** 0.52** 0.50** 0.68** 0.67** 
 P value 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
SLDVJ - SS Correlation 
Coefficient 0.69** 0.61** 0.06 0.20 0.19 0.50** -0.02 0.05   
 P value 0.00 0.00 0.68 0.19 0.21 0.00 0.90 0.75   
SLHOP - SS Correlation 
Coefficient 0.68** 0.73** 0.43** 0.27 0.26 0.29* -0.02 0.14   
 P value 0.00 0.00 0.00 0.07 0.08 0.05 0.92 0.37   
* Colour chart 
 
r value 0.00 to 0.19 0.20 to 0.39 0.40 to 0.69 0.70 to 0.89 0.90 to 1.00 
      
**Correlation is significant at the 0.01 level (2-tailed). 
*Correlation is significant at the 0.05 level (2-tailed). 
aKAA, Knee abduction angle at initial contact; pKAM, peak knee abduction moment; pKFA, peak knee flexion angle; pVGRF, peak vertical ground reaction force; 
MD, medial knee displacement; BDVJ, bilateral drop vertical jump; SLDVJ, single-leg drop vertical jump; SLHOP, single-leg hop; SS, sidestep; M, male; DOM, 
dominant leg; NDOM, non-dominant leg. 
5.3.3 Leg Dominance 
Significant differences between limbs (P < 0.05) were found in the pKAM (Table 5.5) for both 
females and males across tasks except for SS. A significant difference was also found for the 
female MD for the SLDVJ DOM and SLDVJ NDOM. pVGRF in BDVJ for males were also 
significantly different between limbs. The rest of the data showed no significant differences 
for leg dominance. 
 
Table 5.5 A comparison of the differences between dominant and non-dominant legs 
Female KAA pKAM pKFA MD pVGRF 
BDVJ DOM vs BDVJ NDOM 0.987 0.001* 0.204 0.184 0.190 
SLDVJ DOM vs SLDVJ NDOM 0.735 0.000* 0.168 0.018* 0.855 
SLHOP DOM vs SLHOP NDOM 0.668 0.000* 0.129 0.142 0.504 
SS DOM vs SS NDOM 0.117 0.204 0.853 - 0.216 
 
Male KAA pKAM pKFA MD pVGRF 
BDVJ DOM vs BDVJ NDOM 0.533 0.022* 0.203 0.252 0.009* 
SLDVJ DOM vs SLDVJ NDOM 0.464 0.020* 0.560 0.736 0.204 
SLHOP DOM vs SLHOP NDOM 0.261 0.001* 0.368 0.256 0.949 
SS DOM vs SS NDOM 0.347 0.413 0.678 - 0.863 
 
*Paired t-test significant at the 0.05 level (2-tailed) 
KAA, Knee abduction angle at initial contact; pKAM, peak knee abduction moment; pKFA, 
peak knee flexion angle; pVGRF, peak vertical ground reaction force; MD, medial knee 
displacement; BDVJ, bilateral drop vertical jump; SLDVJ, single-leg drop vertical jump; 
SLHOP, single-leg hop; SS, sidestep; DOM, dominant leg; NDOM, non-dominant leg. 
 
5.3.4 Quintiles: Rank score and Absolute sum of error 
Figure 5.4 is the quintile colour-map illustrating summed rank score by quintile (a,b,e,f) and 
absolute sum of error (c,d,g,h). Generally, both sexes DOM and NDOM legs have distinct 
patterns across variables. KAA rank scores identify the highest number of participants who 
remain in the same quintile rank for both sex and dominance, particularly for female DOM 
(a) where 5 out of 8 participant from 5th quintile remained in the same rank across tasks (Table 
5.6). While pVGRF rank score did not identified any participant who remained in the same 
quintile. Overall, females had the highest total number of participants remaining in the same 
rank compared to males. 
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Female DOM            Female NDOM 
      
      Male DOM             Male NDOM 
      
Figure 5.4 Quintile colour-map illustrating summed rank score by quintile and absolute sum 
of error. The median-error of the absolute sum of error score was annotated onto each of the 
absolute sum of error column (white line). 
a b 
c d 
e f 
g h 
Table 5.6 Number of participant who remained in the same quintile rank across tasks 
n = 41 F DOM F NDOM 
Tasks / 
Quintile KAA pKAM pKFA pVGRF MD KAA pKAM pKFA pVGRF MD 
Q5 
(n=8) 5 2 1 0 1 2 1 2 0 1 
Q4 
(n=8) 0 0 0 0 0 0 0 0 0 0 
Q3 
(n=9) 1 0 0 0 1 1 1 1 0 1 
Q2 
(n=8) 1 0 0 0 1 1 0 0 0 0 
Q1 
(n=8) 3 3 2 0 3 2 1 1 0 3 
 
n = 46 M DOM M NDOM 
Tasks / 
Quintile KAA pKAM pKFA pVGRF MD KAA pKAM pKFA pVGRF MD 
Q5 
(n=9) 3 0 1 0 1 3 3 0 0 3 
Q4 
(n=9) 1 0 0 0 0 0 0 0 0 0 
Q3 
(n=10) 0 0 0 0 0 0 0 1 0 1 
Q2 
(n=9) 0 0 0 0 0 0 0 0 0 0 
Q1 
(n=9) 3 2 0 0 2 2 1 1 0 0 
 
KAA, Knee abduction angle at initial contact; pKAM, peak knee abduction moment; pKFA, peak knee flexion 
angle; pVGRF, peak vertical ground reaction force; MD, medial knee displacement; DOM, dominant leg; 
NDOM, non-dominant leg. 
 
The absolute sum of error for the pVGRF displayed the highest median-error line (Figure 5.3 
– c,d,g,h) and the smallest amount of participants ranked above the median-error line ranged 
between 20 to 23 participants for both sex and dominance (Table 5.7). The highest number of 
participants above the median-error line ranged between 34 to 38 for KAA and between 24 to 
39 for MD. A low location of the median-error lines indicates that there are more participants 
who remain within the same quintile rank across tasks than those who do not. The number of 
participants that remained within the same quintile rank for the particular risk factor 
contributes to the strength of the correlational relationship. 
Table 5.7 Number of participants above the absolute sum of error median-error line 
 F DOM F NDOM 
n = 41 
M DOM M NDOM 
n = 46 
KAA 34 33 37  38 
pKAM 30  30 32  30 
pKFA 27  29 29  34 
pVGRF 20 22 20 23 
MD 30 24 34 39  
 
KAA, Knee abduction angle at initial contact; pKAM, peak knee abduction moment; pKFA, 
peak knee flexion angle; pVGRF, peak vertical ground reaction force; MD, medial knee 
displacement; DOM, dominant leg; NDOM, non-dominant leg. 
 
5.3.5 Movement Signatures 
High numbers of task-invariant movement signatures was observed; out of the total number 
of legs and risk factors per participants (n=870), 245 individual movement signatures were 
seen (Table 5.8). When sorted across participants, both female DOM and NDOM displayed 
quite similar patterns for KAA and pKAM (Figure 5.5). Whereas only KAA displayed a 
similar pattern across tasks for male DOM and NDOM. Of all the variables, the highest 
amount of movement signature was identified for different variables across participant groups; 
MD in female DOM, KAA in female NDOM, KAA and MD in male DOM, and MD in male 
DOM. pVGRF movement signature was seen to be the lowest for both sex and dominance. 
pKAM movement signature was identified more in females than males. 
 
Table 5.8 Total identified movement signature for each risk factor  
 F DOM F NDOM M DOM M NDOM 
 n = 41 n = 46 
KAA 19 16 17 15 
pKAM 16 12 7 11 
pKFA 9 8 7 13 
pVGRF 6 6 6 2 
*MD 20 14 17 24 
Total 70 56 54 65 
 
KAA, Knee abduction angle at initial contact; pKAM, peak knee abduction moment; pKFA, 
peak knee flexion angle; pVGRF, peak vertical ground reaction force; MD, medial knee 
displacement; DOM, dominant leg; NDOM, non-dominant leg. 
* MD movement signatures was easier to be identified as it was only observe for BDVJ, 
SLDVJ and SLHOP.  
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Figure 5.5 From left to right, each colour-map was sorted across participants i.e. row 1 is the 
same participant across all variables, to illustrate how participants ranked across all risk factors 
and tasks. 
35 out of 41 female DOM, 29 out of 41 in female NDOM, 37 out of 46 male DOM and 39 out 
of 46 male NDOM were identified with movement signature. Of all participants and legs 
(n=174), 140 legs were identified with at least one type (risk factor) of movement signature. 
Unique movement signatures were identified across all participants, illustrating combinations 
of movement signatures with different variables (risk factors) that a participant has (Table 
5.9). A MD only movement signature was identified the most amongst the participants 
however; with the notion that MD was only calculated for BDVJ, SLDVJ and SLHOP.  
Table 5.9 Total number of participants’ unique movement signatures identified across 
participants. Unique movement signatures are the compilation of movement signatures 
identified for each individuals.   
Unique Movement Signatures F DOM n=41 
F NDOM 
n=41 
M DOM 
n=46 
M NDOM 
n=46 
KAA 2 3 8 1 
KAA, MD 1 2 2 6 
KAA, pKAM 7 5 1 3 
KAA, pKAM, MD 6 2  2 
KAA, pKAM, pKFA 1 1   
KAA, pKAM, pKFA, MD 1    
KAA, pKAM, pVGRF  1   
KAA, pKAM, pVGRF, MD  1   
KAA, pKFA   2 1 
KAA, pKFA, MD   1 2 
KAA, pKFA, pVGRF   1  
KAA, pKFA, pVGRF, MD   1  
KAA, pVGRF 1 1 1  
MD 5 3 9 9 
pKAM   4 2 
pKAM, MD   2 2 
pKAM, pKFA    2 
pKAM, pKFA, MD 1 2   
pKFA 3 2 2 5 
pKFA, MD 2 3  2 
pKFA, pVGRF    1 
pKFA, pVGRF, MD 1    
pVGRF 1 2 1  
pVGRF, MD 3 1 2 1 
Total number of unique movement 
signatures = 24 35 29 37 39 
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5.4.6 Highly ranked movement signatures 
Overall, 17 out of 35 female DOM, 18 out of 29 female NDOM, 23 out of 37 male DOM and 
24 out of 39 male NDOM with unique movement signatures were identified as being highly 
ranked (4th and 5th quintile) (Table 5.10). Out of the 140 unique movement signatures 
observed, 82 were highly ranked. Five high-ranked KAA movement signatures identified in 
female DOM an NDOM were in combination with highly ranked pKAM movement signature. 
In males there were no KAA and pKAM combination movement signatures. High ranked 
movement signatures did not necessarily come from the same participants.  
 
Table 5.10 The table below illustrates each participant’s unique movement signatures and its 
quintile rank. Different colour blocks represent different movement signature rankings. 
 
Female dominant leg  Female non-dominant leg 
 KAA pKAM pKFA pVGRF MD  KAA pKAM pKFA pVGRF MD 
1            
2            
3            
4            
5            
6            
7            
8            
9            
10            
11            
12            
13            
14            
15            
16            
17            
18            
19            
20            
21            
22            
23            
24            
25            
26            
27            
28            
29            
30            
31            
32            
33            
34            
35            
36            
 
* Quintile rank colour 
1st 
(Low) 2
nd 3rd 4th 5
th 
(high) 
     
Male dominant leg  Male non-dominant leg 
 KAA pKAM pKFA pVGRF MD  KAA pKAM pKFA pVGRF MD 
1            
2            
3            
4            
5            
6            
7            
8            
9            
10            
11            
12            
13            
14            
15            
16            
17            
18            
19            
20            
21            
22            
23            
24            
25            
26            
27            
28            
29            
30            
31            
32            
33            
34            
35            
36            
37            
38            
39            
40            
41            
42            
43            
44            
45            
 
 
* Quintile rank colour 
1st 
(Low) 2
nd 3rd 4th 5
th 
(High) 
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5.4 Discussions 
This study had two main aims, firstly to identify if risk factors ranked individuals consistently 
across five different dynamic tasks. Our results showed that KAA at initial contact provided 
moderate to good correlations across tasks but other risk factors had generally poor 
correlations. KAA therefore appears to be the best candidate variable to represent task-
invariant behaviours. The SLDVJ and SLHOP pair were ranked most consistently across all 
risk factors, which could indicate that risk factors translate better across tasks with a similar 
movement technique/pattern. A second aim was to identify if task-invariant movement 
signatures were present. Several movement signatures were identified for the existing 
prospective risk factors. The analysis indicated that the highest number of movement 
signatures was different across participants, though a pVGRF movement signature occurred 
least frequently across all participants and dominance. Moreover, pKAM movement 
signatures were identified more in females than males. Interestingly, the combination of high 
ranked (undesirable) KAA and pKAM movement signatures was only observed in females. 
Undesirable movement signatures appeared independently between legs.  
 
5.4.1 Correlation Results: Cohort analysis 
Substantial differences were observed between bilateral and single-legged tasks means (Table 
5.2). In particular, the pVGRF had the lowest correlation between the single-legged and 
bilateral leg task. Whilst it is expected that a single-legged task would produce a greater 
vertical ground reaction force than a bilateral task (Pappas, Hagins, Sheikhzadeh, Nordin, & 
Rose, 2007; Yeow, Lee, & Goh, 2010)  the relationship between these was inconsistent 
between subjects. This likely indicates that a different dynamic strategy governs the amount 
of whole-body loading in single leg versus bilateral tasks within individuals. In addition, 
increased forces can also be seen when an elevated starting point was added to the task, whilst 
increasing the demands of the overall task (Harty et al., 2011). Distinct kinematic differences 
can also be seen in the current study for pKFA between bilateral and single-legged tasks. This 
is likely due to the nature of the bilateral task, as individuals have more flexibility, stability 
and combined strength to hold themselves in a flexed position (Moore, Mulloy, Bridle, & 
Mullineaux, 2016).  
By comparing multiple risk factors across multiple bilateral and unilateral tasks in a 
reasonably large sample, this study offers unique insights adding to the findings from previous 
studies. With reference to the tasks evaluated, our results showed mostly moderate correlation 
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for the frontal plane risk factors. This is similar to Harty et al. (2011) who observed across 
single-legged and bilateral tasks, however, our results were also supported by Kristianslund 
and Krosshaug (2013)’s findings where a poor to moderate correlation was seen between a 
bilateral task and a sudden change of direction task.  
Previous studies comparing risk factors across tasks have also found strong to moderate 
relationships between single-legged and bilateral tasks in knee angles and moments (Harty et 
al., 2011). This was also shown in our results comparing BDVJ and SLDVJ tasks, where a 
moderate correlation was observed. They have suggested that even though single-legged and 
bilateral tasks were very different in terms of physical demands, when observing peak knee 
abduction angle and pKAM; similar dynamic control of lower extremity and knee position 
across step-down, single leg landing and BDVJ could be seen (Harty, 2011).  The pKAM in 
our study was seen to be mostly moderately correlated across bilateral and single-legged tasks 
except for BDVJ and SS pair which was aligned with Kristianslund and Krosshaug (2013)’s 
investigation. Kristianslund and Krosshaug (2013) also found that the pKAM was six times 
higher in SS. Moreover, a high knee abduction moment in SS would not necessarily predict a 
high knee abduction moment in BDVJ as motion patterns between these two tasks are different 
especially when a SS task is known for its highly-dynamic movement with rapid change of 
direction while the BDVJ is a controlled bilateral-legged task (Kristianslund & Krosshaug, 
2013). Another possible reason for these differences could also be that the bilateral tasks could 
not effectively represent the lower body movements and injury risk that occurs during a single-
legged task (Taylor et al., 2016). However, when comparing this across single-legged tasks 
only, moderate to good correlations have been seen for peak knee abduction angle and pKAM 
(Jones et al., 2014). Multiple studies have suggested that a correlational relationship between 
tasks means that individuals at risk are likely to show this characteristic across tasks (Harty et 
al., 2011; Jones et al., 2014).  This had not been confirmed with an analysis of individual 
responses.  
Someone who is at risk of performing undesirable behaviour during the execution of a task 
can usually be visually identified as showing consistently poor kinematics while performing 
a task e.g. using dynamic valgus to screen for ACL injury risk (Ekegren, Miller, Celebrini, 
Eng, & Macintyre, 2009; McLean et al., 2005; Munro, Herrington, & Comfort, 2017; Padua 
et al., 2009). In this study only KAA correlated well across tasks indicating most of the risk 
factors observed did not transfer across tasks (Table 5.4), and this has also been observed in a 
study by Heebner et al (2017). The inconsistency in ranking between tasks might suggest that 
there is no generic motor pattern across the tasks. This does not necessarily mean however 
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that there is no common underlying muscle synergy across a variety of tasks as the global 
demands of these tasks are the same. There may well be general synergies, but that are then 
refined according to the specific task, leading to different biomechanics. An understanding 
beyond biomechanics such as the influence of the motor control, movement patterns and 
learning processes, prior to and during task execution, warrants further research. 
Frontal plane motion is one of the key components of proposed ACL injury mechanisms and 
excessive movements in the frontal plane outside the normal range are undesirable (Chaudhari 
& Andriacchi, 2006; Hewett et al., 2005; T. W. Kernozek, Torry, H, Cowley, & Tanner, 2005; 
Koga et al., 2010; Shimokochi & Shultz, 2008; Taylor, Ford, Nguyen, & Shultz, 2016). There 
was moderate correlation for pKAM; however, the correlation was moderate-to-good for the 
KAA. The KAA therefore, appears to be the best candidate variable to represent an 
individual’s behaviour across tasks. Though, an opposite interpretation could be that, namely 
KAA in reality captures the behaviour prior to contact with the ground, and one could expect 
that dangerous task-specific loading patterns that take place during the first part of the contact 
phase (often referred to as weight acceptance phase) are not captured.  Moreover, at initial 
contact this variable does not inform us of how the posture changes in response to load or after 
contact. Although KAA shows a consistent ranking across tasks, the consistency of an 
individual’s response to the landing phase was not captured. Therefore, further investigation 
of the knee abduction angle regarding the changes and response to loading warrants further 
exploration.  
There are two ways in which variability of the prospective variables would affect participant 
ranking. Peak values may have a greater scope to change between tasks as an individual has 
from initial contact to take off, to produce their peak loads or values. The KAA at initial 
contact were distributed consistently across tasks with ρ of 0.85 and a coefficient of variation 
of 11.38 and 1.45 for SLDVJ and SLHOP respectively (Appendix J). Meanwhile, the 
moderate correlation illustrated by the SLDVJ and SS pair (ρ of 0.50) has shown that one of 
the tasks had likely insufficient variation in the pKFA which in this case was the SS 
(coefficient of variation of 0.09). When both tasks’ coefficient of variation values are large, it 
indicates the data is reasonably spread relative to the mean and leads to better correlations. 
Consequently, this is a limitation in using rank correlations. As no between day data collection 
was collected, the reliability of some variables between days are unknown and the effect it has 
on identifying an individual’s movement signature are therefore uncertain. Studies by Malfait 
et al. (2014) and Sankey et al. (2015) both using the same model as described in this thesis 
conducted reliability studies into the drop vertical jump and sidestep respectively and 
considered some of the variables being examined here. Specifically they compared inter-trial, 
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intra observer (between session) and inter-observer reliability. For this study (and with respect 
to the reliability of movement signatures described later) the most relevant data would be from 
the between-session reliability; for the BDVJ knee and hip kinematic and kinetic variables 
ranged from 1.9 – 5.7° and 5.9 - 19.8 Nm (Malfait et al., 2014) and for SS knee kinematics 
between 2 - 5° and 20-42 Nm for knee moments in the weight acceptance phase (Sankey et 
al., 2015). Though as only one variable in one task was seen to indicate high variability 
between days, this could perhaps influence the reliability of the particular task however, as 
this was not particularly the main objective of this study, the movement signatures observed 
were considered as reliable.  
 
5.4.2 Movement Signatures: Individual Analysis 
When characteristics of an individual can be identified across different tasks, this 
demonstrates the existence of the individual’s movement signature. As these task-invariant 
behaviours are likely to be hard-wired, it also represents the individual’s behaviour. To begin 
to determine a movement signature the individual rankings were summed.  
Our observation showed a high number of movement signatures (245 out of the total number 
of legs and risk factors per participants, n=870 legs) which suggests that certain individuals 
have task-invariant movement signatures. Our study further showed that individuals have 
task-invariant movement patterns not only in single-legged tasks, but across bilateral and 
highly dynamic tasks as well (Harty et al., 2011; Jones et al., 2014). Our findings further 
support the use of dynamic tasks to screen for ACL injuries as movement signatures were seen 
across all of our tasks, however, this is limited to the four tasks that we tested in our study. 
Further investigations involving other tasks that involve a more ‘real-world scenario’ such as 
adding a defender or receiving a ball in a sidestepping task (Kristianslund & Krosshaug, 2013; 
Mok, Bahr, & Krosshaug, 2017) are warranted to further understand actual sport-like 
behaviours. 
Overall, 140 unique movement signatures were noted out of the total number of legs and risk 
factors per participant (n=870) (Table 5.9). This observation indicates that individuals have 
their own unique task-invariant movement traits/patterns across tasks which could provide 
vital information when designing an individual’s injury prevention program. Information from 
these unique movement signatures could be use to inform specific movement patterns or 
behaviours of the athletes which could be beneficial for coaches or sport scientist to tailor 
programs specific to the athlete’s need. For an example, for athletes who were identified with 
a pKFA only movement signature could indicate that the particular athlete may have an 
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underlying neuromuscular deficits in their posterior chain and programs that could reduce 
knee valgus and increase knee flexion such as plyometric and jump trainings can help coaches 
to specifically tailor programs to cater to the strengthening of the athlete’s hamstrings and 
other targeted muscle areas. Having this information could perhaps increase the effectiveness 
of the individualised program.  
 
5.4.3 Undesirable (high ranked) movement signatures 
Out of the 140 unique movement signatures (Table 5.9), 82 highly ranked movement 
signatures (Table 5.10) are likely most important from an injury perspective as the highly 
ranked movement signatures are the ones indicative of “at-risk” movement. Based on these 
findings, the present study showed that task-invariant movement signatures may well identify 
potential high-risk individuals as more than half of the participants with movement signatures 
were highly ranked.  
The KAA and MD movement signature was seen the most highly ranked across participants.  
However, MD movement signatures were not observed for SS, therefore its value is possibly 
overestimated when compared to the rest of the risk factors. However, our main aim was to 
observe the rank consistency across all single-legged and bilateral tasks in order to identify 
task-invariant behaviours that cover almost the whole dynamic (sport-specific) aspect of the 
injury incidence. As for KAA movement signatures, our study observed this risk factor at 
initial contact, where previous studies observed peak knee abduction angle at landing; 
nonetheless, these studies have observed frontal plane risk factors to be consistent within their 
evaluated tasks (Harty et al., 2011; Jones et al., 2014). The least occurring high ranked 
movement signature across participants identified was pVGRF. Though this was unsurprising 
as pVGRF was seen very poorly correlated between tasks in this present study and another 
(Harty et al., 2011). The least occurring pVGRF movement signature could possibly be due 
to the demands of the task-dependent foot landing techniques that influences the overall 
biomechanical loads (Cortes, Morrison, Van Lunen, & Onate, 2012).    
An interesting finding was seen when comparing females and males as highly ranked KAA 
and pKAM combination movement signatures were only present in our female participants. 
Male participants did not show the combination of a KAA and pKAM movement signature. 
This finding could be linked to the multi-planar injury mechanism seen in females and a more 
single plane mechanism in males (Quatman & Hewett, 2009). Therefore our findings could 
perhaps also be aligned with the findings of Hewett (2005)’s prospective study, that identified 
KAA and pKAM as predictors of ACL injury in females. However, as no prospective study 
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on the biomechanical risk factors of ACL injury was done yet in males, we could not conclude 
which risk factors are the best to screen for injury. Even though there is no prospective 
evidence for ACL injury risk factors in males, the highly ranked movement signatures may 
serve as a guide to what risk factor that is most valuable in identifying at-risk males.  
Not all of the movement signatures were highly ranked and movement signatures identified 
in DOM leg were not necessarily seen in NDOM leg of the same participant, i.e. only two 
female participants had highly ranked KAA and pKAM movement signatures in both legs and 
three male participants had highly ranked KAA movement signatures in both legs. This could 
possibly be justified by the different outcomes found in previous studies where one study 
indicated that females tend to injure their ACL on the NDOM leg and males were seen to 
injure their ACL on the DOM leg (Brophy et al., 2010). Meanwhile, our findings for leg 
dominance were consistent with previous investigations which found lack of differences based 
on leg dominance (Greska, Cortes, Ringleb, Onate, & Van Lunen, 2017; Negrete, Schick, & 
Cooper, 2007).  
 
5.4.3 Moving towards a different perspective 
This new approach of identifying injury risk informs us of the existence of task-invariant 
movement signatures.  The presence of a highly ranked movement signature representative of 
task-invariant behaviour could be linked to increased risk of incurring an ACL injury. 
Observing existing patterns or behaviour (regularities) of the risk factor interactions across 
tasks could lead to an advancement of risk-profile identification (Bittencourt et al., 2016). 
Relying on the probability of the occurrence of recognisable regularities, i.e. a movement 
signature, could maximize one’s chances to better predicting injury occurrence (Bittencourt 
et al., 2016). As presented in Table 5.5, there were inconsistent correlations across risk factors 
and tasks, which could represent the complexity of injury prediction. Bittencourt et al. (2016) 
describe sports injuries as ever-changing complex incidents that encompass many possible 
interactions and determinants, which in the end lead to the injury. In their review, they have 
illustrated how the complexity of an ACL injury differs between a basketball player and a 
ballet dancer. Even though both of these individuals have the same injury, the magnitude or 
determinants of the risk factors interaction and configuration among factors are different. 
KAA at initial contact perceived as the best candidate to best predict ACL injury however, it 
only informs us of the frontal plane posture of the knee at that particular instance in time. 
Further detailed examination shows that task-invariant movement signatures could potentially 
provide better identification of an individual’s injury risk. Nonetheless, when utilising this 
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new approach, careful consideration should be taken for the risk factor, participant and 
dominance selection as it may influence the outcome of the movement signature.  
In this study, the approach to identifying movement signatures was based on established 
biomechanical risk factors. As there are only a very limited number of prospective studies in 
females and none in males, and considering that none of the previously identified risk factors 
was a strong predictor of ACL injuries, an alternative approach through the identification of 
movement signatures can be justified. It is well documented that combinations of loads are 
important for an ACL strain and during dynamic sporting activities, the typical ACL injury 
mechanism is multi-planar (Kiapour et al., 2014; Quatman et al., 2010). The knee abduction 
moment on its own could not signify the complexity of the multi-planar loading experienced 
in dynamic tasks (Robinson, Donnelly, Vanrenterghem, & Pataky, 2015; Robinson, Sharir, 
Vanrenterghem, & Donnelly, 2017). Future studies should explore the capability of this new 
task-invariant approach by exploring the use of multi-planar knee loading to identify an 
individual’s characteristics across tasks as it may give us clearer identification of at-risk 
behaviours.  
 
5.5 Conclusions 
Injury screening continues to present a significant challenge in identifying risk factors for an 
ACL injury as ranking inconsistency was seen across different tasks for all observed risk 
factors. From the existing risk factors, KAA at initial contact provided the highest correlation 
across tasks providing most task-invariant information for an individual’s ACL movement 
signature but, the specific time at which the KAA was taken was similar for all tasks and does 
not provide information about subsequent loading during contact nor did it provide us with 
the risk factor’s inter-quintile changes within the ranks. Further analysis observed that 
individuals have a systematic pattern of movement across multiple tasks that proves the 
existence of individual movement signatures. As more than half of the individuals identified 
with a movement signature were highly ranked, this may well infer at-risk classification thus, 
could provide a more enhanced and better-informed injury screening for researchers and 
practitioners.  
 
 
 
CHAPTER 6 
Can multi-planar variables rank individuals more 
consistently across tasks than uni-planar variables? 
The previous chapter found most prospective risk factors were not task-
invariant, yet individual task-invariant movement signatures did exist. In this 
chapter, mechanism-informed multi-planar variables are explored to examine if 
they rank individuals more consistently than uni-planar variables.  
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6.0 Abstract 
The ACL injury mechanism is well-known to take place across multiple planes, yet rarely are 
multi-planar variables examined in an injury risk context. The purpose of this study was to 
determine if multi-planar loading variables rank individuals more consistently across multiple 
tasks than uni-planar loading variables. Forty-four female and forty-six male athletes regularly 
participating in dynamic sports took part in a controlled laboratory study. Five trials of 
bilateral drop vertical jumps (BDVJ), single-leg hops (SLHOP), single-leg drop vertical jumps 
(SLDVJ) and sidestep (SS) tasks were performed. Multi-planar and uni-planar variables of the 
knee, hip and ground reaction forces were extracted and correlated between tasks. Each 
participant’s group was ranked according to each risk factor, and then grouped into quintiles 
for each task. Rank score and absolute sum of error for each participant’s group were also 
calculated. Cohort analysis revealed most of the multi-planar and uni-planar variables to be 
poorly correlated. Individual analysis revealed 56 movement signatures identified out of the 
90 participants and more than half of the movement signatures identified were highly ranked. 
Uni-planar movement signatures in the knee were identified more than the multi-planar 
movement signature for both sexes. Though sex-specific distribution was seen for the hip, 
where multi-planar movement signatures were identified more in females, which was the 
opposite in males. Therefore, multi-planar and uni-planar variables could both be considered 
when screening for at-risk behaviours. 
 
 
6.1 Introduction 
The anterior cruciate ligament (ACL) injury mechanism is well documented to involve 
combinations of undesirable multi-planar forces and kinematics during dynamic activities 
(Boden et al., 2000; Fauno & Wulff Jakobsen, 2006). Section 2.3 of this thesis describes how 
in vitro, in silico and in vivo biomechanical studies have demonstrated that greater magnitudes 
of ACL strain come from combinations of forces applied to the knee rather than a single uni-
planar force alone (Markolf et al., 1995; Shin et al., 2011). In fact, sagittal plane forces alone 
are unlikely to rupture the ACL (S. G. McLean, Huang, Su, & Van Den Bogert, 2004). 
Consideration of multi-planar force and loading is clearly important, yet rarely are multi-
planar variables examined in an injury risk context. 
The mechanism of a non-contact ACL injury typically does not solely occur in one plane 
(Quatman et al., 2010) but in a combination of planes (multi-planar). The compound joint of 
the knee, the tibiofemoral joint, moves in six degrees of freedom, 3 rotations and 3 
translations, which allows for movement in the sagittal, frontal and transverse planes 
(Komdeur, Pollo, & Jackson, 2002; Woo, Debski, Withrow, & Janaushek, 1999). In fact, 
because of the knee joint morphology its motion is always a combined rotation and translation, 
in which the tibia slides anteriorly on the femur articular surface when the knee goes into an 
extended position, putting the ACL in a taut configuration. Extreme loading to the knee joint, 
particularly in combination with a nearly extended knee, could therefore rupture the ACL. 
Consequently, for a non-contact ACL injury to occur, the individual has typically put 
themselves into an undesirable position e.g. landing with a nearly extended knee (Beynnon & 
Fleming, 1998; DeMorat et al., 2004; Hashemi et al., 2011), at a time when there is high 
external loading across various degrees of freedom. Altogether, there is reason to believe that 
multi-planar observations are necessary when trying to investigate the multi-planar individual 
behaviours that may be associated with increased non-contact ACL injury risk. 
No in vivo biomechanical prospective study has explored multi-planar variables as potential 
risk factors. Recent prospective studies have only proposed uni-planar variables such as the 
knee abduction moment, knee abduction angle, vertical ground reaction force and knee flexion 
angle (Hewett et al., 2005; Krosshaug et al., 2016; Leppanen, Pasanen, Kujala, et al., 2017). 
The variable closest to being multi-planar would be medial knee displacement (Krosshaug et 
al., 2016) which measures the combination of hip internal rotation and knee flexion. In the 
study of Krosshaug et al. (2016) only the medial knee displacement was associated to an 
increased risk of ACL injury. Whilst knee positioning is relevant, the forces experienced are 
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not accounted for. To our knowledge no study has examined multi-planar joint moments or 
ground reaction forces. 
As chapter 5 showed that movement signatures exist, in uni-planar risk factors, it may be 
possible that a more mechanism-informed, multi-planar load variable might rank individuals 
more consistently and may lead to more insightful movement signatures. Furthermore, this 
may provide a better justification of an individual’s movement pattern and the types of loads 
that are dominating the knee. The aim of this study was to determine if the multi-planar 
loading variables rank individuals more consistently across bilateral drop vertical jumps 
(BDVJ), single-leg drop vertical jumps (SLDVJ), single leg hops (SLHOP) and sidestep (SS) 
tasks than uni-planar loading variables. A similar approach is taken to Chapter 5, where both 
cohort specific correlations and individual movement signatures are explored. 
 
6.2 Methods 
6.2.1 Participants and experimental design 
Forty-four female (mean ± SD: age, 22.1 ± 3.7 years; height, 163.9 ± 8.0 cm; mass, 64.0 ± 
10.6 kg) and forty-six male (mean ± SD: age, 21.1 ± 3.4 years; height, 175.6 ± 8.6 cm; mass, 
75.1 ± 12.1 kg) were observed. Complete description of the participants and experimental 
design were described in section 4.2.1 and 4.2.2. An additional three female participants were 
added to this study as their full biomechanical analysis became available at the time of data 
analysis in this study. 
 
6.2.2 Dynamic Tasks 
Participants performed bilateral drop vertical jumps (BDVJ), single-leg drop vertical jumps 
(SLDVJ), single-leg hops (SLHOP) and 45° sidestepping (SS). Full details of the dynamic 
tasks involved has been described in Chapter 4 (Section 4.2.3). 
 
6.2.3 Biomechanical assessments of the dynamic tasks 
Full details of the kinematics and kinetics assessment procedures and calculations are 
described in Chapters 4, 5 and elsewhere (Malfait et al., 2014; Vanrenterghem, Gormley, 
Robinson, & Lees, 2010). The peak external abduction knee and hip moments were obtained 
during the weight acceptance phase (Dempsey et al., 2007). Peak ground reaction force was 
taken between initial contact and the take-off phase. For the multi-planar loading, a resultant 
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vector magnitude of the frontal and transverse plane moments, i.e. non-sagittal plane moment 
vector, was calculated for the knee (KMnsag) and hip (HMnsag); and a resultant was also 
calculated for the anterior-posterior and vertical components of the ground reaction forces, i.e. 
sagittal plane forces (GRFsag). Peak resultant vectors for the multi-planar loading were 
obtained between initial contact and take-off. For comparison, uni-planar loading was also 
defined as the frontal plane (i) knee moment, KM-Y; (ii) hip moment, HM-Y and (iii) vertical 
ground reaction force (GRF-Z). Means and standard deviations were calculated across tasks. 
It should be noted that the KM-Y data in this study differ slightly versus chapter 5 due to the 
additional three female participants. 
 
6.2.4 Statistical Analysis 
All statistical analyses were performed using SPSS (23.0.0.2, SPSS Inc.,Chicago, Illinois, 
USA) for dominant leg. Mean values for each task were obtained and then correlated in task 
pairs using a Spearman’s rank correlation coefficient (ρ) to assess the ranking differences 
between tasks. For each variable, paired tasks were separated by sex.  Correlation coefficients 
were rated as very good (0.90 - 1.00), good (0.70 - 0.89), moderate (0.40 - 0.69), poor (0.20 - 
0.39) or very poor (0.00 - 0.19) (Field, 2013). Variables were ranked into quintiles and rank 
scores and the absolute sum of error was calculated to observe the consistency of each 
participant’s ranking across tasks. Further details describing the rank score, absolute sum of 
error and the definition of a movement signature can be found in Sections 5.2.4 and 5.2.5. 
 
6.3 Results 
The descriptive data shows that KMnsag was the highest in SS while KM-Y appears to be 
generally consistent across tasks (Table 6.1). For HM-Y, the highest peak loads can again be 
seen in SS. GRFsag and GRF-Z in BDVJ were smaller than in the single-legged tasks. 
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Table 6.1 Descriptive data of variables across different tasks in females (n=44) and males 
(n=46) 
Task 
KM-Y 
Nm.kg-1 
KMnsag 
Nm.kg-1 
HM-Y 
Nm.kg-1 
HMnsag 
Nm.kg-1 
GRF-Z 
N.kg-1 
GRFsag 
N.kg-1 
 BDVJ F 0.42 ± 0.18 0.50 ± 0.16 0.49 ± 0.25 0.77 ± 0.22 1.74 ± 0.50 1.74 ± 0.50 
M 0.34 ± 0.20 0.52 ± 0.14 0.61 ± 025 0.82 ± 0.19 1.81 ± 0.51   1.82 ± 0.51 
 SLDVJ F 0.44 ± 0.25 0.81 ± 0.27 0.41 ± 0.12 2.03 ± 0.58 3.68 ± 1.01 3.69 ± 1.01 
M 0.34 ± 0.18 0.92 ±0.29 0.48 ± 0.14 1.86 ± 0.45 3.43 ± 0.53 3.43 ± 0.53 
 SLHOP F 0.30 ± 0.13 0.78 ± 0.25 0.32 ± 0.19 1.91 ± 0.46 2.98± 0.77 3.04 ± 0.78 
M 0.22 ± 0.16 0.91 ± 0.24 0.35 ± 0.20 1.85 ± 0.38 3.09 ± 0.60 3.11 ± 0.60 
 SS F 0.50 ± 0.87 1.13 ± 0.86 0.83 ± 1.32 2.03 ± 1.18 3.15 ± 0.93 3.26 ± 0.96 
M 0.36 ± 0.72 1.38 ± 0.61 1.16 ± 0.80 2.10 ± 0.67 3.04 ± 0.39 3.16 ± 0.42 
 
KM, knee moment; HM, hip moment; GRF, ground reaction force; Y, frontal uni-planar load; Z, vertical force; 
nsag/sag, multi-planar load; BDVJ, bilateral drop vertical jump; SLDVJ, single-leg drop vertical jump; SLHOP, 
single-leg hop; SS, sidestep; F, female; M, male. Values are reported as mean ± SD 
 
6.3.1 Correlations between tasks 
Overall, females had more significant relationships than males across all tasks and variables. 
Most of the variables showed low to very low correlation and very few showed moderate and 
good correlation. In females, only two paired tasks were significantly correlated for KMnsag, 
however all KM-Y were significantly correlated across tasks (Table 6.2). In males, only one 
significant relationship was seen for KMnsag, and four for KM-Y. The highest correlation was 
seen in KMnsag for males in SLDVJ and SLHOP pair with spearman rho (ρ) of 0.73.   
Significant relationships were seen across all tasks for females HMnsag, but only 2 were seen 
in males however; no significant relationship was seen in females for HM-Y, but 3 significant 
relationships were seen in males. A consistent moderate to good correlation was seen for all 
variables across SLDVJ and SLHOP pair in both female and male except for HM-Y (ρ = 0.43 
– 0.73). Most GRF-Z and GRFsag did not have significant relationships across tasks for both 
females and males except for BDVJ and SLDVJ, and SLDVJ and SLHOP task pairs, and 
SHOP and SS for females, and most of the GRF-Z and GRFsag displayed very poor to moderate 
correlation across tasks (ρ = -0.01 - 0.54). The SLDVJ and SLHOP correlations were 
significant for both females and males across all variables except for female’s HM-Y.   
 
 Table 6.2 Spearman rank correlation coefficients for the risk factors across different tasks pairs 
Spearman's rho 
KM-Y KMnsag HM-Y HMnsag GRF-Z GRFsag 
F M F M F M F M F M F M 
BDVJ - SLDVJ 
Correlation 
Coefficient 0.64** 0.39** 0.33* 0.02 0.29 0.43** 0.44** 0.06 0.34* 0.43** 0.33* 0.43** 
P value 0.00 0.01 0.03 0.90 0.05 0.00 0.00 0.71 0.02 0.00 0.03 0.00 
BDVJ - SLHOP 
Correlation 
Coefficient 0.57** 0.54** -0.01 -0.09 0.14 0.13 0.47** 0.17 0.27 0.22 0.27 0.27 
P value 0.00 0.00 0.94 0.54 0.36 0.39 0.00 0.26 0.07 0.14 0.08 0.07 
BDVJ - SS 
Correlation 
Coefficient 0.37* 0.29 0.11 -0.18 0.15 0.14 0.34* 0.10 0.21 0.00 0.23 0.07 
P value 0.01 0.05 0.46 0.22 0.32 0.35 0.02 0.50 0.17 0.98 0.14 0.66 
SLDVJ - SLHOP 
Correlation 
Coefficient 0.62** 0.50** 0.55** 0.73** 0.28 0.35* 0.70** 0.64** 0.43** 0.50** 0.44** 0.54** 
P value 0.00 0.00 0.00 0.00 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
SLDVJ - SS 
Correlation 
Coefficient 0.57** 0.06 0.05 0.39 0.22 0.40** 0.39** 0.30* 0.14 -0.01 0.12 0.07 
P value 0.00 0.72 0.76 0.01 0.14 0.01 0.01 0.04 0.37 0.96 0.42 0.64 
SLHOP - SS Correlation Coefficient 0.50** 0.40** 0.14 0.34 -0.11 0.10 0.51** 0.23 0.32* 0.00 0.29 0.01 
 P value 0.00 0.01 0.36 0.02 0.47 0.50 0.00 0.12 0.03 0.96 0.06 0.99 
 
 
 
**Correlation is significant at the 0.01 level (2-tailed). 
*Correlation is significant at the 0.05 level (2-tailed). 
KM, knee moment; HM, hip moment; GRF, ground reaction force; Y, frontal uni-planar load; Z, vertical force; nsag/sag, multi-planar load; BDVJ, bilateral drop vertical 
jump; SLDVJ, single-leg drop vertical jump; SLHOP, single-leg hop; SS, sidestep; F, female; M, male 
* Colour chart  
r value 0.00 to 0.19 0.20 to 0.39 0.40 to 0.69 0.70 to 0.89 0.90 to 1.00 
      
6.3.2 Quintiles: Rank score and Absolute sum of error 
A distinct pattern can be seen between the female and male quintile colour-maps (Figure 6.1). 
In females, the KM-Y rank scores had the highest number of participants who remained in the 
same quintile rank across tasks (2 in 5th quintile, 1 in 4th quintile and 1 in 1st quintile) and only 
one participant had KMnsag in quintile 5 for all tasks (Table 6.3). Only one participant with a 
HM-Y movement signature and one with a HMnsag remained in the same quintile across tasks 
for females. GRF-Z and GRFsag for females had the same number of participants who 
remained in the same quintile. Overall, females had more participants who remained in 5th 
quintile (undesirable) compared to the rest of the quintiles (in females) indicating those with 
undesirable characteristics likely continue these across tasks.  
Overall, males had less participants who remained in the same quintile rank across tasks 
compared to females. KM-Y only had one participant in 4th quintile and two in the 1st quintile 
while only one of each (5th and 3rd quintile) was seen for male’s KMnsag. HM-Y had one 
participant in the 5th quintile, one in 2nd quintile and one in 1st quintile however, no participant 
remained in the same quintile rank for HMnsag as well as GRF-Z. Only one participant was 
seen in GRFsag. 
The lowest median-error line of the absolute sum of error was seen in KM-Y for both female 
and male (Figure 6.1 c,d) illustrating the highest number of participants who had less inter-
quintile rank changes, 33 out of 44 for females and 31 out of 46 for males (Table 6.4). HMnsag 
in females has more participants above the median-error line than HM-Y. While not much 
differences was seen in males for the HM-Y and HMnsag. GRF-Z for both female and male 
seems to have almost a similar number of participant changing groups compared to GRFsag.  
 
   
 
  Females            Males 
    
Figure 6.1 The quintile colour-maps illustrating summed rank score by quintile (a,b) and 
absolute sum of error (c,d) for female and males. The median-error of the absolute sum of 
error score was annotated onto each of the absolute sum of error column (white line). 
 
  
a b 
c d
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Table 6.3 Number of participants who remained in the same quintile rank across all tasks 
n = 44 Female 
Quintiles / 
Variables 
Q5 
High 
(n=8) 
Q4 
 
(n=9) 
Q3 
 
(n=9) 
Q2 
 
(n=9) 
Q1 
Low 
(n=9) 
KM-Y 2 1 0 0 1 
KMnsag 1 0 0 0 0 
HM-Y 1 0 0 0 0 
HMnsag 1 0 0 0 0 
GRF-Z 1 1 0 1 0 
GRFsag 1 1 0 1 0 
 
n = 46 Male 
Quintiles / 
Variables 
Q5 
High 
(n=9) 
Q4 
 
(n=9) 
Q3 
 
(n=10) 
Q2 
 
(n=9) 
Q1 
Low 
(n=9) 
KM-Y 0 1 0 0 2 
KMnsag 1 0 1 0 0 
HM-Y 1 0 0 1 1 
HMnsag 0 0 0 0 0 
GRF-Z 0 0 0 0 0 
GRFsag 0 0 0 0 1 
 
KM, knee moment; HM, hip moment; GRF, ground reaction force; Y, frontal uni-
planar load; Z, vertical force; nsag/sag, multi-planar load. 
 
Table 6.4 Number of participants above the absolute sum of error median-error line. 
  Female (n=44) 
Male 
(n=46) 
KM-Y 33 31 
KMnsag 25 25 
HM-Y 17 20 
HMnsag 32 24 
GRF-Z 23 20 
GRFsag 24 21 
 
KM, knee moment; HM, hip moment; GRF, ground reaction force; Y, frontal uni-planar 
load; Z, vertical force; nsag/sag, multi-planar load. 
 
 
6.3.3 Movement Signatures 
Task-invariant movement signatures were observed; out of the total number of participant and 
risk factors per participants (n=540), 92 individual movement signatures were seen (Table 
6.5). When sorted across participants, both sexes displayed very diverse pattern (Figure 6.2). 
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In females, most movement signatures seen at the knee were uni-planar (KM-Y), but at the 
hip, most movement signatures were multi-planar (HMnsag). In males, little difference existed 
between multi-planar and uni-planar knee moment movement signatures but in the hip, 
substantially fewer (2 vs 7) multi-planar vs. uni-planar movement signatures were observed, 
this is of considerable contrast to the females. The GRFsag for both female and male had a 
slightly higher number of identified movement signature compared to GRF-Z.  
 
Table 6.5 Total number of participants identified with movement signatures across tasks 
 Female Male 
 n = 44 n = 46 
KM-Y 16  9  
KMnsag 6  8  
HM-Y 5  7  
HMnsag 11  2  
GRF-Z 7  5  
GRFsag 9  7  
Total 54 38 
  
KM, knee moment; HM, hip moment; GRF, ground reaction force; Y, frontal uni-
planar load; Z, vertical force; nsag/sag, multi-planar load. 
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Figure 6.2 From left to right, each row’s quintile colour-map were sorted across participants 
to illustrate how participants ranked across all risk factors and tasks 
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29 out of 44 females and 27 out of 46 males were identified with at least one variable’s 
movement signature (Table 6.6). Nineteen unique movement signatures were identified across 
all participants illustrating the different combination of variables’ movement signature that a 
participant have. 
 
Table 6.6 Total number of unique movement signatures identified across overall participant 
rank scores for all tasks and variables  
Unique Movement Signatures F M 
GRFsag  2 
GRF-Z  1 
GRF-Z, GRFsag 3 4 
HM-Y 1 3 
HM-Y, GRFsag  1 
HM-Y, GRF-Z, GRFsag 1  
HM-Y, HMnsag 1  
HMnsag 3 2 
KM-Y 6 4 
KM-Y, GRFsag 1  
KM-Y, GRF-Z, GRFsag 2  
KM-Y, HM-Y 1 2 
KM-Y, HMnsag 4  
KM-Y, KMnsag  3 
KM-Y, KMnsag, HMnsag 1  
KMnsag 2 3 
KMnsag, GRFsag 1  
KMnsag, HM-Y 1 2 
KMnsag, HMnsag, GRF-Z, GRFsag 1   
Total number of unique movement 
signatures = 19 29 27 
KM, knee moment; HM, hip moment; GRF, ground reaction force; Y, frontal uni-planar 
load; Z, vertical force; nsag/sag, multi-planar load. 
 
6.3.4 Highly ranked movement signatures 
18 out of 29 female and 16 out of 27 male with unique movement signatures were highly 
ranked (4th and 5th quintile) (Table 6.7).  None of the females with high ranked KM-Y 
movement signature (7 out of the 16 KM-Y movement signatures identified) also had a high 
ranked KMnsag movement signature. Of the 6 KMnsag movement signatures identified, all 
except for one who ranked 3rd quintile in females were undesirable. At the knee, males had 6 
KM-Y movement signatures although 3 individuals had KMnsag movement signatures 
independent of KM-Y. Undesirable HMnsag movement signatures in females (6) were 
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identified more frequently than HM-Y. Though in males, only two undesirable HM-Y and 
HMnsag were identified. Four highly ranked GRF-Z and GRFsag movement signatures were 
identified together in females though one GRFsag was identified on its own while only one 
combination of highly ranked GRF-Z and GRFsag was seen in males. None of the male 
participants had a combination of uni-planar and multi-planar movement signatures for the 
knee and hip moments. Movement signatures were most evident for uni-planar knee moments 
in both females and males; yet movement signatures for hip moments were seen more 
frequently for uni-planar hip moments in males, and for multi-planar hip moments in females.  
 
Table 6.7 The table below illustrates each participant’s unique movement signatures and its 
quintile rank. Different colour blocks represent different movement signature rankings. 
 
 
F KM-Y 
KMnsag HM-
Y 
HMnsag GRF-
Z GRFsag 
       
1       
2       
3       
4       
5       
6       
7       
8       
9       
10       
11       
12       
13       
14       
15       
16       
17       
18       
19       
20       
21       
22       
23       
24       
25       
26       
27       
28       
29       
30       
       
M KM-Y 
KMnsag HM
-Y 
HMnsag GRF-
Z GRFsag 
       
1       
2       
3       
4       
5       
6       
7       
8       
9       
10       
11       
12       
13       
14       
15       
16       
17       
18       
19       
20       
21       
22       
23       
24       
25       
26       
       
 
 
 
 
 
* Quintile rank colour 
1st 
(Low) 
2nd 
 
3rd 
 
4th 
 
5th 
(High) 
     
6.4 Discussion 
This study aimed to determine if multi-planar loading variables rank individuals more 
consistently than uni-planar loading variables across bilateral drop vertical jumps (BDVJ), 
single-leg drop vertical jumps (SLDVJ), single leg hops (SLHOP) and sidestep (SS) tasks. 
HMnsag and KM-Y were significantly correlated across all tasks but otherwise at a cohort level, 
there were few significant relationships. At the individual level however, the SLDVJ and 
SLHOP pair was to consistently rank individuals with moderate to good correlation, as seen 
in Chapter 5 for uni-planar variables, except this time for HM-Y. When individual movement 
signatures were examined, several movement signatures were identified amongst the 
participants across all variables confirming that task-invariant movement signatures exist in 
multi-planar variables. There were distinct differences in movement signatures between sexes 
and in the distribution of uni-planar versus multi-planar movement signatures between the 
knee and hip. A large proportion of the movement signatures identified were ranked above the 
4th quintile (undesirable) indicating that perhaps, task-invariant movement signatures could 
effectively indicate high-risk individuals while screening for ACL injury.   
 
6.4.1 Correlational results: Cohort analysis 
The poor correlations revealed that correlational analysis across individuals does not suggest 
task-invariance. The inconsistent behaviour of the uni-planar and multi-directional variables 
may perhaps be very much task-dependent. HMnsag and KM-Y in females was seen to correlate 
significantly across all tasks however only a few were significant for males. KM-Y in females 
has been extensively reviewed to be greater than in males in various high-risk dynamic tasks 
(Carson & Ford, 2011). Though, multi-planar variables have not been studied before, the 
significant correlations seen in HMnsag (Table 6.2) could be an indication that perhaps females 
may have different frontal and transverse hip moments than males which independently, had 
been observed in previous studies (Hart, Garrison, Palmieri-Smith, Kerrigan, & Ingersoll, 
2008; Hewett, Ford, Myer, Wanstrath, & Scheper, 2006; Pollard, Sigward, & Powers, 2007).  
The very poor to poor correlation seen in GRFsag in this present study was not unusual, as the 
anterior-posterior reaction forces are typically small (Munro, Miller, & Fuglevand, 1987). The 
small anterior-posterior forces would not change much to GRF-Z, keeping the poor 
relationship as seen in GRF-Z (Table 6.2). 
Similar to Chapter 5, the SLDVJ and SLHOP pair also had a consistent ranking across multi-
planar variables. This further justifies that tasks with movement similarities could translate 
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not only in uni-planar variables, but multi-planar as well however, between these tasks, HM-
Y was poorly correlated. When rank score and absolute sum of error was observed, HM-Y 
had the least number of participants who had fewer inter-quintile rank changes (Figure 6.1). 
Moreover, the higher task demand from SLDVJ which involves an explosive jump after 
landing from a 30cm box, could be the cause of a poorly correlated HM-Y. Therefore when 
compared to a more stable forward jump (SLHOP), it was expected that HM-Y would be 
larger in SLDVJ (Table 6.1). To our knowledge, no in vivo biomechanical studies have 
compared SLDVJ to SLHOP specifically. The closest investigation involving similar 
movements, demonstrated that a single-leg landing from a 20 cm height box produced higher 
loading compared to single-leg step-down or BLDVJ tasks (Harty et al., 2011). Peak hip 
adduction angles in single-leg landing were greater than in the other tasks, which describes 
the differences in hip motion of a more demanding task to a more stable single-leg landing 
task. Another study also supports this, where larger pVGRF was also seen in their single-
legged drop landing task, though their task landed from a 45.7cm; which explains their high 
pVGRF values (Heebner et al., 2017). However, their forward jump to single-legged landing 
was seen to have the highest peak hip abduction angle compared to the other four tasks. This 
is perhaps due to the task not only involving a forward jump but also participants needing to 
clear an obstacle in front of them (Heebner et al., 2017). Differences in how the task is 
executed may influence the strength of the relationship.  
 
6.4.2 Movement signatures: Individual Analysis 
92 movement signatures were seen for both female and male across variables (n=540) which 
shows that certain multi-planar and uni-planar movement signature exist in some individuals 
(Table 6.5). The KM-Y movement signature (16 in females, 9 in males) was identified more 
than KMnsag movement signatures (6 in females, 8 in males) for both sexes. Interestingly, both 
uni-planar and multi-planar movement signatures identified did not correspond i.e. participant 
identified with KMnsag movement signature did not have KM-Y movement signature (Table 
6.7). As a matter of fact, KMnsag and KM-Y movement signatures all came from different 
participants. A study by Robinson et al. (2017) has also observed a similar outcome where 
their at-risk participants identified by KMnsag were not identified by KM-Y and it was likely 
influenced by the magnitude from the transverse plane moment. This means, someone who 
has a KM-Y or HM-Y based movement signature may not necessarily have high transverse 
plane moments, therefore would not be identified as having a KMnsag or HMnsag movement 
signature. These differences may also explain why poor correlation was seen between multi-
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planar and uni-planar variables in the spearman correlation table. This further justifies that 
uni-planar alone is unlikely to capture all individuals with undesirable movement signatures. 
Unique differences were also seen in the hip movement signatures. The HMnsag movement 
signature was identified more than HM-Y movement signature in females, though in contrast 
to their counterparts, males identified more HM-Y movement signatures. The hip moment 
signature differences between female and male is possibly due to the greater hip frontal and 
transverse plane movement observed in females, which could likely influence the higher 
number of HMnsag identified in females. Findings from Ford et al. (2006) and Mendiguchia, 
Ford, Quatman, Alentorn-Geli, and Hewett (2011) observed greater frontal and transverse 
plane hip movement in females compared to males. Though more investigation is needed to 
better inform this notion as lesser frontal and transverse plane hip movement and strength was 
seen in several studies between females and males (Jacobs, Uhl, Mattacola, Shapiro, & 
Rayens, 2007; McLean, Lipfert, & van den Bogert, 2004). Nonetheless, based on our previous 
chapter and as suggested by Harty et al. (2011), there may be some neuromuscular patterns 
that exist across tasks. Higher activity in the quadriceps and lower activity in the gluteal 
muscles contributed to poor hip control in females (Zazulak et al., 2005; Zeller, McCrory, 
Kibler, & Uhl, 2003). Combined with greater hip abduction, it causes the femur to internally 
rotate which leads the knee to a more abducted position than those of the male participants. 
The different neuromuscular activity in the frontal and transverse hip movements seen in 
females could play a role in the different movement signatures seen for hip moment.  
 
6.4.3 Undesirable (high ranked) movement signatures 
60.71% of the total unique movement signatures identified (n=56) ranked above the 4th 
quintile (Table 6.7). This indicates that the task-invariant movement signature could perhaps 
better inform ‘at-risk’ movement behaviours across tasks or at least within this study, 
participants with higher load (undesirable loading). The highly ranked (undesirable) uni-
planar and multi-planar movement signatures were identified in different participants. Overall, 
this means that if individuals were consistent across tasks (movement signature), there is 
approximately a 1 in 2 chance that they would be highly ranked therefore, this further justifies 
the capability of a movement signature to detect undesirable behaviour.   
As for ground reaction forces, 4 out of 5 of the highly ranked movement signatures in females, 
and 1 out of 3 highly ranked movement signatures in males, were identified with both GRFsag 
and GRF-Z. This is very much likely due to the anterior-posterior  forces being typically small 
(Munro et al., 1987) consequently ranking both GRF-Z and GRFsag movement signature 
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identically. This indicates that maybe multi-planar loading alone could be used to identify 
undesirable ground reaction forces. 
This study provides preliminary evidence that both multi- planar and uni-planar movement 
signatures can contribute to identifying individuals at risk. It also provides a stronger 
indication that individuals exhibit task-invariant movement patterns across tasks. Not only 
that, this finding also indicates that task-invariant movement signature exist in multi-planar 
variables as well. When applied to injury screening, multi-planar task-invariant movement 
signatures may potentially identify behaviour-related at-risk individuals more effectively 
therefore providing a powerful tool in screening as it take the multi-planar aspect of ACL 
injury into account. As none of the multi-planar variables and concepts of screening at-risk 
individuals has been done before, its value should be tested in a prospective study. 
 
6.5 Conclusions 
When studying an entire cohort of recreational athletes, mostly poor correlations between 
variables across tasks were observed, in uni-planar as well as multi-planar variables. However, 
when looking within individuals; task-invariant movement signatures were seen not only in 
uni-planar variables but in multi-planar variables as well.  Distinct differences in the 
distribution of uni-planar versus multi-planar movement signatures were seen in the knee for 
both sexes. Uni-planar movement signatures in the knee was identified more than the multi-
planar movement signature for both sexes. Though sex-specific distribution was seen for the 
hip, where multi-planar movement signatures were identified more in females, which was the 
opposite in males. Both multi-planar and uni-planar variables should be considered when 
screening for injury as both of these variables are of importance in identifying at-risk 
movements. The majority of the total number of movement signatures identified as highly 
ranked demonstrates that task-invariant movement signatures better inform undesirable (at-
risk) behaviours. This study has brought us closer to a better method of injury screening by 
understanding and appreciating the multi-planar commonalities that exist across tasks. 
Therefore, taking account of Donnelly et al. (2012)’s ACL injury prevention framework and 
as suggested in Bahr’s (2016) critical review, the next step is to test this new approach 
prospectively using actual ACL injury data to see whether task-invariant movement signatures 
could better separate injured participants from non-injured (Stage 4 and 5 of Donnelly et al. 
(2012)’s injury prevention framework).  
 
 
 
 
 
CHAPTER 7 
General Discussion 
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7.0 Summary 
This thesis proposed to critically evaluate the biomechanical risk factors for non-contact ACL 
injury during dynamic sporting activity and to explore different approaches to evaluate 
existing risk factors through several objectives. The findings from this thesis revealed that; (i) 
only one in vivo biomechanics prospective cohort study can serve as a predictor of non-contact 
ACL injury. A scarcity of in vivo biomechanical risk factors for ACL injury were seen; 
however, a large number of level 2 and 3 evidence studies were available (Chapter 3); (ii) 
through cohort observations, most of the existing prospective risk factors for ACL injury 
displayed inconsistencies across tasks, while only knee abduction angle at initial contact 
provided the greatest consistency across tasks. Through individual observation, task-invariant 
movement signatures were identified in our cohort. The high number of movement signatures 
observed indicate that task-invariant movement signatures exist and were able to identify 
undesirable (at-risk) movement behaviour (Chapter 5); (iii) further exploration of multi-planar 
and uni-planar variables through cohort analysis showed mostly poor correlations across tasks. 
When observed at an individual level, task-invariant movement signatures also existed in 
multi-planar variables (Chapter 6). The novel approach of this thesis has brought us closer to 
a more enhanced method of injury screening across tasks by appreciating the commonalities 
and relationships that exist across tasks, which could lead to the development of novel 
evidence-informed injury screening and prevention programs. 
 
7.1 An update on the systematic review  
Since the systematic review searches were done (January 1990 - 10th August 2015), three 
more in vivo prospective studies on biomechanical risk factors for ACL injury were published 
(Krosshaug et al., 2016; Leppanen, Pasanen, Krosshaug, et al., 2017; Leppanen, Pasanen, 
Kujala, et al., 2017), and these studies all had in common that they were in conflict with the 
outcome of the only prospective study found through our systematic review (Hewett et al., 
2005). One study (Krosshaug et al., 2016) purposely designed their prospective study to 
validate the results of Hewett et al., (2005). They initially found that out of the observed risk 
factors “medial knee displacement” could help distinguish injured participants from non-
injured. However, they since published a Corrigendum (Krosshaug et al., 2017) in which these 
results were corrected based on the discovery of errors in their data processing, and 
subsequently none of the risk factors helped predict ACL injuries. Of the other prospective 
studies published in October 2016 and December 2017, also none found that any of Hewett et 
al.’s ACL injury predictors could predict injuries in their participants (Leppanen, Pasanen, 
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Krosshaug, et al., 2017; Leppanen, Pasanen, Kujala, et al., 2017). First of all, these studies 
confirm that the critical take on the limited prospective evidence in our systematic review was 
justified, but secondly it suggests that a single dependent variable will unlikely be sufficient 
to predict non-contact ACL injuries.  
As mentioned in Section 3.4.2, these conflicting results may have come from the inconsistent 
filtering of the motion and force data in Hewett et al.’s study as artefacts could have been 
introduced to their data as described by Kristianslund and Krosshaug (2013) in their study. 
The simple model used in Hewett et al.’s study may also contribute to the conflicting results 
as the quality of the interpretation of the biomechanical measurements are questionable 
especially with regards the determination of the hip joint centre and the dynamic tracking of 
segments. Krosshaug et al. (2016) measured the hip joint center by the anterior-posterior 
position of the greater trochanter marker (Bell, Pedersen, & Brand, 1990) while Leppanen, 
Pasanen, Krosshaug, et al., 2017 and Leppanen, Pasanen, Kujala, et al., 2017 determined their 
hip joint centres according to the Plug-in Gait model (Vicon Nexus v1.7). The different 
biomechanical modelling and analysis processes used could be one reason why the variables 
identified by Hewett et al. were not replicated in these latter studies. 
Despite the rather discouraging outcome from these latest studies, conducting prospective 
studies is still the best way to strengthen the evidence on risk factors in the future, but there 
are many challenges with this type of study (Padua, 2010). In this thesis a prospective study 
was attempted (Chapter 4) but was unsuccessful in observing any ACL injuries. There are a 
number of issues with the way in which prospective studies are currently being conducted that 
deserve some further attention. One factor that stands out the most is the type of task used as 
all of the prospective studies have used a bilateral drop vertical jump (Krosshaug et al., 2007; 
Leppanen, Pasanen, Krosshaug, et al., 2017; Leppanen, Pasanen, Kujala, et al., 2017). It is 
well recognised that ACL injuries happen in single-legged stance and during situations 
involving sudden changes of direction, sudden deceleration, or landing from a jump 
(Alentorn-Geli et al., 2009; Boden et al., 2000; Sanna & O'Connor, 2008; Yu & Garrett, 2007). 
Gaining insights into how well players control their movement during such single legged 
highly dynamic tasks may well be unlikely to come from jumping off a box with both feet. 
Whilst a considerable amount of space (for running and change of direction) and a high-end 
3D motion capture system may be one of the restrictions to using more applicable tasks, the 
use of a more sport-specific task might produce more sensitive and specific ACL injury 
predictors. In addition, as suggested in Chapter 3, moving towards a multi-centre approach 
would provide opportunities to increase the numbers of participants and consequently the 
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number of observed injuries whilst minimizing methodological inconsistency (DiCesare et al., 
2015; Donnelly et al., 2017). Altogether, such methodological considerations may have 
important implications for the prospective identification of the in vivo biomechanical risk 
factors for ACL injury. 
Another relevant issue identified from the existing prospective studies is the characteristics of 
the participants observed in terms of age, sex, level of play, and fitness level. In Chapter 3 we 
observed that many of the associative studies with male participants used risk factors found 
in females for their studies. Since the systematic review, all of the subsequent prospective 
studies have also only observed female cohorts. Moreover, Krosshaug et al. (2016) argued 
that they had not confirmed the previous prospective predictive risk factors (Hewett et al., 
2005) due to the age and level of play of their participants who were elite adult athletes. Even 
when the younger (15 years of average) female basketball and floorball junior league 
participants were matched more closely in terms of age and level of play, knee abduction 
moments or angles were not predictive of injury (Leppanen, Pasanen, Krosshaug, et al., 2017; 
Leppanen, Pasanen, Kujala, et al., 2017). As ACL injuries occur more often during 
competition than training (A. M. Joseph et al., 2013; Walden et al., 2011), risk factors could 
well be specific to sport, level of play, and competition (A. M. Joseph et al., 2013).  ACL 
injury incidence rates are higher in late childhood i.e. aged 10~12 (Bjordal et al., 1997; Mall 
et al., 2014), and younger adolescents i.e. aged 13~18 (Caine et al., 2014; Gianotti et al., 2009; 
Shaw & Finch, 2017), compared to adults. Maturity status also appears to be relevant as 
immature males were more common to have an ACL injury (Prince, Laor, & Bean, 2005), 
whereas females were more prone after maturation (Fayad, Parellada, Parker, & Schweitzer, 
2003). Different findings from different age groups of cohorts and with different maturation 
statuses could perhaps indicate an age-sensitivity where different age ranges may have 
different neuromuscular capabilities. As age, maturation and skill levels appear to be key 
factors identified for the frequency of injuries seen, this could be addressed by including a 
wider age range of athletes. To date, no prospective biomechanical studies have observed 
males, therefore predictive risk factors for males are still unknown. The absence of studies on 
biomechanical risk factors in males seems to have led to injury screenings and prevention 
programs to primarily emphasise on neuromuscular risk factors of the injury instead of 
biomechanical risk factors (Monajati et al., 2016). The sex differences identified for 
movement signatures in our studies (Chapter 5 and 6) and the sex differences seen in risk 
models (Beynnon et al., 2015) further justify that sex-specific risk factors (variables) are 
needed to effectively screen male participants and in order to do so, prospective studies to 
inform male-specific risk factors are warranted.  
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Existing prospective studies are informative, in the sense that they have shown us that 
conflicting results associated to ACL injury could be population-specific; or, injury risk 
factors are just different for everyone. Nonetheless, future studies should be aware of what is 
lacking from the previous published prospective studies if more successful biomechanical 
predictors are to be found. Though, if we strictly wait for the ‘perfect’ prospective study to 
come out or the ideal method to be recognised, then one may wonder how injury prevention 
can move forward without having the scientific evidence to build upon. Can progress still be 
achieved if we moved from evidence-based to evidence-informed screening and prevention? 
Essentially, evidence-informed practice comes about through expert judgement of one’s 
experiences in the field added with key information that is provided from scientific 
knowledge. When dealing with athletes, practitioners intend to do what is best for the athlete 
based on their experiences within the context they work in. From collective experiences (and 
previous studies), the practitioner chooses the appropriate techniques or methods that he or 
she feels would work for specific athletes and attempts to stay up to date on new techniques 
or methods that become available. However, there is always a danger where practitioners 
ignore or overlook the reliability and validity of these tests/methods considering the 
commercial interest from product manufacturers and distributors. The lack of strong evidence 
that currently exists on the value of any biomechanical screening provides a wide-open 
playing field for product developers, with hardly any rules imposed through scientific 
evidence. So without high-quality prospective evidence, non-contact ACL injury screening 
and prevention will remain a contentious issue from which individuals with exclusively 
commercial interests - and to a much lesser extent our sporting population - will continue to 
benefit. Our recommendation in generating critical mass through prospective studies (Chapter 
3) still stands and; considerations discussed in this chapter will hopefully help researchers 
focus their efforts.  
 
7.2 A new perspective on movement screening 
As discussed in Chapter 3 and Section 7.1, prospective studies on the biomechanical risk 
factors of non-contact ACL injury are limited and with conflicting results. Therefore, 
according to Bahr (2016)’s critical review, if one does not go through the exhaustive 3-step 
validation process where prospective studies play a big part in identifying and evaluating risk 
factors, it is quite possible that injury screening will never work. Whilst we are not disagreeing 
that a thorough validation should be done to achieve successful injury screening, our findings 
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suggested that the reliance on one risk factor to be validated from a cohort, could be examined 
from a different approach. 
Traditionally, once a risk factor has been determined, the general advice is to not translate this 
risk factor into different tasks or populations until it has been confirmed in an independent 
prospective study. Studies such as Krosshaug et al. (2016) and Leppanen, Pasanen, Kujala, et 
al. (2017) attempted to do this for a different population, i.e. age group and sport. An important 
commonality between these studies is that they utilized what we could call a “uni-variate” 
approach (page xiv), where unique risk factors are observed within one particular task (Figure 
7.1). In this approach, the predictive strength of a parameter is quantified directly through its 
sensitivity and specificity for correctly identifying individuals as being at-risk or not. Another 
way of evaluating risk factors would be an “omni-variate” approach (page xiv). This approach 
involves the observation of several tasks and parameters in search of a risk profile rather than 
individual risk factors, which then requires machine learning or advanced statistical 
approaches (Hastie, Tibshirani, & Friedman, 2009). Multiple parameters of interest from 
different tasks are fed into a search algorithm to identify which (combination of) parameters 
are more meaningful than others in predicting an injury (Bittencourt, Ocarino, Mendonca, 
Hewett, & Fonseca, 2012). An immediate limitation of this approach, however, is that omni-
variate  risk involves sophisticated machine learning capabilities which is not typically 
available to most practitioners. More so, the outcome of such analysis is a complicated risk 
profile that is based on the common patterns within an entire population, but which still 
remains difficult to use at an individual level.  
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Figure 7.1 A visualisation of the “uni-variate”, “poli-variate”, and “omni-variate” approaches 
for observing non-contact ACL injury risk.  
 
Through our work we have identified an intermediate approach, which we have termed the 
“poli-variate” approach (page xiv). In this approach, one risk factor/parameter is observed 
across multiple tasks.  This approach is based on the premise that if an individual has an 
underlying movement behaviour (which may be a neuromuscular strategy), then that 
behaviour would probably reflect across different movement tasks. Individuals with their own 
movement patterns could be recognisable across different tasks. In this way, individuals 
having task-invariant risk factors can reveal a “movement signature” – a collection of 
variables characterising an individual’s at-risk behaviour across tasks. Considering that the 
individual is evaluated several times across a number of tasks, this means that the level of 
certainty about injury risk is increased, or in other words, that the false positive rate from a 
uni-variate approach can be decreased. Importantly, this approach translates into a screening 
modality that can directly improve injury risk calculation at an individual level, which 
strengthens its use not only for risk factor determination but also for screening purposes. 
Through the work described in this thesis we believe to have demonstrated the potential of 
this new approach, and in order for this new approach to be a success, further validation of 
movement signatures through prospective studies should be considered in future work. 
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7.3 Complexity of the signals/risk factors 
Usually, risk factor identification as well as consequent injury screening is done in a uni-
variate approach by observing uni-planar discrete variables, as seen in Chapter 3 and further 
discussed in Section 7.1. Therefore, relying on a screening tool that evaluates on observation 
of the probability of one variable i.e. peak knee abduction moment that was only found to be 
predictive in one prospective study would not be sufficient. It was not a surprise that screening 
tools involving predictive algorithms based on these uni-variate risk factors, e.g. the Lower 
Extremity Scoring System (LESS), did not find any significant relationship to injured 
individuals when further validated (Goetschius et al., 2012; Smith et al., 2012). The main 
reason for traditional uni-planar observations is likely a consequence of lack of methods to 
evaluate multi-dimensional variables, particularly from a statistical point of view. However, 
the recent introduction of analysis techniques such as Statistical Parametric Mapping (Pataky, 
2010; Pataky, Robinson, & Vanrenterghem, 2016) and Principal Component Analysis 
(Federolf, Reid, Gilgien, Haugen, & Smith, 2014) into the field of biomechanics could open 
opportunities to explore multi-dimensional observations that are possibly better for 
discriminating between injured and non-injured populations in prospective studies. Observing 
multi-dimensional risk factors could lead us to a more task-invariant multi-factorial screening 
process and more suitably account for the complexity of non-contact ACL injury (Bittencourt 
et al., 2016).  
Identifying movement signatures across tasks has indirectly proven their capability to observe 
sex-specific multi-planar risk factors. Chapter 6 identified sex-specific movement signatures 
for the hip, where multi-planar movement signatures were identified more in females, and uni-
planar movement signature were seen more in males. Our findings was aligned with Beynnon 
et al. (2015)’s multivariate study as they also saw differences between sexes and suggested a 
sex-specific screening mechanism to be developed in order to effectively identify individuals 
at risk. Risk has predominately been tested in a uni-variate way (Beynnon et al., 2015). 
Similarly, biomechanical risk has been evaluated for 0-dimensional observations made in a 
single task. This may well be a shortcoming, as through screening one tends to make 
predictions about injury risk based on an individuals’ generic performance of sporting tasks. 
As the complexity of non-contact ACL injury may come from many possible interactions and 
determinants (internal and external factors) and if these interactions were observed, it could 
better inform the occurrence of an injury (Bittencourt et al., 2016). This would require a multi-
variate approach in which to consider the predictive strength of multiple observations 
combined. Moreover, multivariate analysis could identify risk factors that uni-variate may not 
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be able to identify (Beynnon et al., 2015). In our case of observing multi-planar and uni-planar 
variables, this shows that by adding complexity and concentrating on sex-specific risk factors 
could help identify at-risk individuals.  However, further investigations are needed in 
validating this approach to further confirm its effectiveness in identifying at-risk individuals.  
 
7.4 Movement screening approach in risk profiling 
Previous studies have suggested that some neuromuscular imbalances could be linked to ACL 
injury mechanism. Hewett, Ford, Hoogenboom, and Myer (2010) have suggested four 
neuromuscular profiles which could relate to each of the variables that from which movement 
signatures were identified in Chapters 5 and 6. Our findings from Chapter 5 and 6 show, 
however, that not necessarily everyone was identified with a highly ranked KAA movement 
signature, and that some might be highly ranked in pKFA, or a combination of pKAM and 
KAA. By observing multiple risk factors that represent an injury mechanism component, task-
invariant movement signatures could help detect specific neuromuscular deficits/imbalances 
for which specific interventions could be targeted. For example, when individual B (see 
section 5.4.6) was identified with a highly ranked pKFA movement signature, it is most likely 
indicating that the individual has an underlying neuromuscular deficit that falls under the 
“quadriceps dominance” to which strengthening the posterior chain, i.e. hamstrings, would be 
beneficial. Relating our new approach to the neuromuscular deficit profiles can thus lead to 
an important advancement in individualised ACL injury prevention, once again justifying that 
further studies are needed to validate the value of this new poli-variate approach.  
 
7.5 Implications for practitioners 
The findings from this thesis suggest a number of practical implications for those who work 
in ACL injury prevention. These are described in the paragraphs below. 
 
Application of a task-invariant movement signature for injury screening 
Practitioners should at all times remain critical about the value of singular variables (risk 
factors) on their own to represent injury risk. Chapter 5 and 6 have shown that observing 
multiple risk factors across a number of tasks can provide novel insight into individual 
behaviour. In this thesis it has been suggested that screening with multiple risk factors and 
tasks in order to identify movement signatures may well be beneficial. The immediate 
downside for a real world implementation is that screening a large number of individuals with 
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multiple tasks would in most cases be too time consuming. Nonetheless, a more practical 
solution to the identification of movement signatures could be achieved by a hierarchical 
screening process (see Figure 7.2). Instead of testing 4 tasks systematically, a hierarchical 
approach could start with two tasks, for example the bilateral drop vertical jump as the task 
with strongest existing knowledge base, and the single-legged drop vertical jump. Individuals 
who do not consistently rank in the 4th or 5th quintile in any of the risk factors would not need 
further screening tests. However, those few with highly ranked movement signatures would 
then perform the rest of the tasks. In this hierarchical implementation the use ranking as part 
of quintiles for the two remaining tasks would no longer be possible, but normative data (for 
example from our work in Chapter 5) could help classify individuals.  
 
 
Figure 7.2 Implementation of hierarchical screening of the movement signature 
 
A robust method to evaluate the effectiveness of injury prevention programs 
The task-invariant approach introduced in Chapter 5 has the potential not only to strengthen 
screening, but also to be used as a method of evaluating the effectiveness of injury prevention 
programs. Typically, the effectiveness of an injury prevention program has been evaluated 
through a randomised control trial design, observing whether the prevention program results 
in a reduction of the incidence of injury in the intervention group compared to a control group. 
Nonetheless, this does not evaluate the direct impact of the intervention on the behaviour. 
Through the use of our poli-variate approach involving a movement signature evaluation, one 
	
Individuals 
with movement 
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Everyone starts 
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4th and 5th rank  
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could evaluate the athlete’s task-invariant improvements on key risk factors, providing a more 
robust indication of the effectiveness of an intervention.  
 
Application of multi-planar variable for injury screening 
The findings from Chapter 6 may enable practitioners to identify at risk individuals which uni-
planar variable alone could not identify. Injury screening with multi-planar variables may 
identify individuals who are behaving in a manner more closely associated to the ACL injury-
mechanism however, findings from Chapter 6 shows that depending on the joint of interest 
i.e. hips or knees, both multi-planar and uni-planar variables were valuable. Previous ACL 
injury screening typically observe uni-planar parameters to assess whether an individual is at 
risk or not and perhaps this may not be sufficient. 
  
7.5 Limitations 
The studies in this thesis provide important insights into our understanding of biomechanical 
risk factors for non-contact ACL injury in dynamic sporting activities by critically reviewing 
the literature and by considering a new approach to overcome certain constraints of current 
screening approaches for non-contact ACL injury risk. Nonetheless, no studies are without 
limitations. 
Our systematic review (Chapter 3) was specifically focused on the in vivo biomechanical 
studies. Though we acknowledge that other biomechanical research paradigms have made 
significant contributions to the understanding of ACL injury biomechanics including in vitro 
and in silico studies, it was our intention to focus on risk factors in vivo using participants of 
dynamic sports as these were most likely to inform injury prevention practice. However, non-
biomechanical risk factors may also predict ACL injuries better than biomechanical risk 
factors alone, therefore a narrow focus on biomechanical factors only may not lead to a better 
injury prediction. Moreover, systematic reviews in general have the limitation that they reflect 
on what has been published. Knowing that a bias towards publishing significant results and 
positive findings exists (Dwan, Gamble, Williamson, Kirkham, & Reporting Bias, 2013), it 
means that there may have been more prospective studies which were not published. In fact, 
these could have provided a more balanced evidence base early on and avoided that the 
progression of this field of research has been rather biased towards the positive findings 
presented in the only published prospective study at the time (Hewett, 2005).  
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In this thesis, the focus was on biomechanical risk factors. As reviewed in Chapter 2, non-
contact ACL injury is a multi-factorial phenomenon where many other factors will also 
influence risk and contribute to the injurious event, and where those other factors will in fact 
influence biomechanical risk. This is most obviously the case for neuromuscular risk factors, 
and particularly the ones associated to muscle activations. For example, increased activity in 
the quadriceps and reduced activity in the gluteal muscles has been shown to contribute to 
poor hip control (neuromuscular factor) but at the same time cause an abducted knee position 
(biomechanical factor) (Zazulak et al., 2005; Zeller et al., 2003). Multi-factorial observations 
were not possible within the scope of the work presented in this thesis, but could have given 
added value (Mok & Leow, 2016). 
The risk factors used in Chapter 5 were the ones established at the time the study commenced. 
As discussed in Section 7.1, we acknowledge that there have been new developments on the 
availability of prospective evidence on biomechanical risk factors during the course of the 
work. The ‘Corrigendum’ for the prospective study by Krosshaug et al. (2016) also was 
published after the completion of the work in Chapter 5. A key consequence of that is that the 
selected risk factors in Chapter 5 came from the existing evidence at the time, which is now 
considered less supported. Added to that, in the available prospective evidence, only females 
were investigated. We did not have male prospective risk factors to work from and 
acknowledge that any conclusions that were made concerning males should have ideally been 
preceded by evidence from prospective studies.   
Due to the lack of data to generate prospective evidence (Chapter 4), the findings from Chapter 
5 and 6 are limited to the ranking of individuals against the population. The use of quintiles 
to stratify the sample does however, not give any absolute indication of the risk of injury of a 
population, let alone an individual within that population, as in theory all of the participants 
could be at high risk or low risk in reality. Considering that the injury incidence in our cohort 
was in fact lower than what would have been expected from epidemiological data, we could 
carefully assume that the overall injury risk of the population may well have been low, and 
ranking high within our population could still be a relatively low risk. Therefore, it might be 
worthwhile stressing that our analyses in Chapters 5 and 6 were primarily intended to explore 
new approaches concerning risk factor identification and injury screening, rather than to focus 
on any meaning of the absolute values of individuals within the cohort (e.g. the example 
individuals in section 6.2). 
 
114 
 
7.5 Future research/direction 
Potential areas and recommendations for future research are outlined as below: 
Knowledge generation on non-contact ACL injury risk 
As described in Chapter 3, generating knowledge on injury risk may only be achieved by high-
quality prospective studies. Therefore, the priority for research to advance the understanding 
of in vivo biomechanical risk factors for non-contact ACL injury is to produce critical mass 
of level 1 evidence studies however, these future prospective studies needs to cover the 
elements that has not been studied i.e. males, different tasks, wider age range as these will 
provide a more extensive and specific information regarding individual’s risk factors. A 
broader target population could also inform and contribute greater impact on society as ACL 
injury does not only happen to elite athletes; whose cause of injury was seen  due to their 
frequent high intensity match plays but also to recreational athletes whose injury could happen 
due to the lack of training and physical conditioning.  
 
Injury screening sensitivity/validation 
Future research on the sensitivity, reliability and validity of the task-invariant movement 
signature should be conducted on actual injury data or at-risk participants’ data as this will 
ultimately determine its usefulness. Only when this approach has been tested out in the ‘real-
world’ scenario or in multiple cohorts one will be able to evaluate how well the task-invariant 
movement signature can separate at-risk individuals from the crowd (Bahr, 2016; Donnelly et 
al., 2012). As addressed in section 7.3, movement signatures could potentially be used to 
develop and evaluate the effectiveness of individualized ACL injury prevention programs. 
 
Additional sport-like tasks/elements 
The tasks used to observe biomechanical risk factors in this thesis were limited to anticipated 
tasks, though ACL injuries often happen in unanticipated situations. Biomechanical 
differences are evident in unanticipated tasks such as larger peak knee abduction moments 
and angles (J. H. Kim et al., 2014). Future research could include tasks that are more sport-
like, for example by task constraints that prevent the individual from pre-planning their 
movement (Almonroeder, Garcia, & Kurt, 2015). Similarly, observations could also be made 
in tasks that contain a stronger decision making component or a variation in focus of attention, 
knowing that there is likely a trade-off between cognitive load or external focus of attention 
and motor performance (Zachry, Wulf, Mercer, & Bezodis, 2005).  
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Fatigue element 
Observing the element of fatigue in the lower limbs may add substantial information into ACL 
injury prevention as fatigue may contribute directly to the injury through faulty/high-risk 
movements. Increasing ACL injury incidence was observed towards the last 15 minutes of 
matches, which was likely an indication of increased level of fatigue (Ryynanen et al., 2013). 
Though, the neuromuscular control system can be influenced by either the central (brain) or 
peripheral (muscles) fatigue though investigations on the central fatigue are still scarce (Davis, 
1995). Most high loading tasks which includes complex movements i.e. sudden change of 
direction or single leg landings, requires both central and peripheral fatiguing mechanisms 
(Borotikar, Newcomer, Koppes, & McLean, 2008). The inconsistent neuromuscular 
alterations in the lower limb that increases the risk of non-contact ACL injuries  warrants for 
future research in injury screening as it could give us insights of how an individual would 
perform in an actual sport-like setting (Barber-Westin & Noyes, 2017).  
 
Observation of multi-planar variables in prospective studies 
As risk factors of non-contact ACL injury are typically observed through a singular plane of 
view, this perhaps could contribute to the conflicting results seen in previous prospective 
studies as ACL injury happens in different planes simultaneously however, no in vivo 
biomechanical prospective study has explored multi-planar variables as potential risk factors. 
Recent prospective studies have only proposed uni-planar variables such as the knee abduction 
moment, knee abduction angle, vertical ground reaction force and knee flexion angle (Hewett 
et al., 2005; Krosshaug et al., 2016; Leppanen, Pasanen, Kujala, et al., 2017). Multi-planar 
kinematics and kinetics should be considered in future prospective studies as it can provide 
researchers with a more mechanism-informed injury risk factor. As explored in Chapter 6, it 
was possible to observe multi-planar variables. Further exploring these variables in 
prospective studies can provide researchers and practitioners with new insights into a better 
informed risk factors that represents actual injury mechanism.  
 
Incorporating innovative technologies for injury screening 
Several upcoming technological advances in the observation of motion can be found these 
days that do not require the need of an expensive 3D motion analysis system. One of these 
technological advances has become a major player in the industry of motion capture, namely 
the use of wearables and in particular inertial measurement units (IMU). These IMU’s are 
miniature sensors that can produce kinematic and kinetic measurements that would enable 
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researchers and practitioners to screen for injury not only in laboratory settings but also 
outdoors without the need for equipping the space with cameras. Some studies have used IMU 
as an injury prevention tool for shoulder injuries in overhead sports (Rawashdeh, Rafeldt, & 
Uhl, 2016) as well as a performance classification tool and musculoskeletal injury risk 
screening (Whelan et al., 2016). Though the validity and reliability of this technology would 
need investigation before it can be deemed effective for biomechanical injury screening. 
Future research could explore how wearables and markerless motion capture systems can 
contribute to the in-field implementation of biomechanical ACL injury screening. 
 
Other potential non-contact ACL injury risk factors 
Important future directions have been covered in previous sections, namely the exploration of 
multi-factorial approaches towards risk, though future research should also focus on other 
factors such as anatomical, hormonal, environment, footwear and genetics or in combination 
of these factors as it could provide us with better information regarding the complexity of the 
non-contact ACL injury. As mentioned by Beynnon et al. (2015) in their multivariate risk 
model study, measurements of multiple potential risk factors could lead to a more predictive 
evident of an individual with at-risk behaviours. Moreover, motor control and cognitive 
functions in particular could also contribute to the increased risk of ACL injury. A study has 
shown that individual with ACL injury had slower reaction time and processing speed 
compared to healthy controls as well as reduced scored on verbal and visual memory sections 
(Swanik, Covassin, Stearne, & Schatz, 2007). Combination of the neurocognitive function 
into non-contact ACL injury screening could potentially better inform us of not only the 
external but also the intrinsic risk factors of the debilitating injury.  
 
Multi-centre validation 
Efforts to move towards a multi-centre approach by conducting inter-laboratory reliability 
assessments and standardization of methods for injury screening could increase numbers of 
participants and observed injuries whilst reducing methodological inconsistency. Even though 
this type of research approach is still in its infancy, few studies has shown promising results 
as repeatability was obtained between testing centres (DiCesare et al., 2015; Donnelly et al., 
2017). Therefore, if the new approach introduced in Chapter 5 and 6 could be implemented 
and validated through an inter-laboratory assessments, this can further strengthen the 
reliability and capability of the approach i.e. through increase numbers of participants and 
observed injuries whilst reducing methodological inconsistency. 
 
 
 
 
CHAPTER 8 
Conclusion 
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The findings from this thesis has demonstrated that there is a scarcity of prospective studies 
on the biomechanical risk factors of ACL injury however; an increasing number on the level 
2 and 3 evidence studies was also seen. In order to advance the understanding of in vivo 
biomechanical risk factors for non-contact ACL injury, generating critical mass of high quality 
level 1 evidence (prospective studies) should be a priority. The novel approach in injury 
screening introduced in this thesis – the task-invariant movement signature, has shown 
promising results in the ability to identify individuals with uni-planar movement signatures, 
which further indicates that individuals can have task-invariant patterns of movement. The 
ability of the movement signature to identify highly ranked individuals may well infer at-risk 
classification. Task-invariant movement signatures were also able to identify individuals with 
multi-planar variables. Nonetheless, the potential of this new approach still needs to be 
confirmed and validated with actual injury data. Essentially, the outcome of this thesis 
provides a better understanding of how one could work towards the development of more 
effective injury-screening tools, as well as more effective injury prevention programs. This 
will hopefully have an impact upon athletes and the general population in reducing the number 
of ACL injuries as well as being employed to enhance future studies investigating ACL injury 
risk. 
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Appendix A. Selected level 3 evidence papers research trend 
The supplementary data is available at https://ars.els-cdn.com/content/image/1-s2.0-
S0268003316300882-mmc1.xlsx  
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Appendix I. LJMU Lower-limb and trunk model  
Physically placed markers   
 
Anatomical Markers   
Trunk  
C7  Processus spinosus vertebra C7  
STERNUM  Sternum  
XIP_PROC  Xiphoid process  
T8  Processus spinous vertebra T8  
ACROM_L  Acromion left (acromioclavicular joint)  
ACROM_R  
 Pelvis  
Acromion right (acromioclavicular joint)  
ASIS_L  Anterior sacral iliac spine left  
PSIS_L  Posterior sacral iliac spine left  
ILCREST_L  Iliac crest left  
ASIS_R  Anterior sacral iliac spine right  
PSIS_R  Posterior sacral iliac spine right  
ILCREST_R  
  
Lower limbs  
Iliac crest right  
GTROC_L  Greater trochanter left  
KNEE_MED_L  Knee medial femoral epicondyle left  
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KNEE_LAT_L  Knee lateral femoral epicondyle left  
MAL_MED_L  Malleolus medial left  
MAL_LAT_L  Malleolus lateral left  
HEEL_L  Heel left  
MTH1_L  Metatarsal head 1 left  
MTH5_L  Metatarsal head 5 left  
    
GTROC_R  Greater trochanter right  
KNEE_MED_R  Knee medial femoral epicondyle right  
KNEE_LAT_R  Knee lateral femoral epicondyle right  
MAL_MED_R  Malleolus medial right  
MAL_LAT_R  Malleolus lateral right  
HEEL_R  Heel right  
MTH1_R  Metatarsal head 1 right  
MTH5_R  Metatarsal head 5 right  
 
Marker Clusters  
UL_PR_ANT_L  Upper leg proximal anterior left  
UL_PR_POST_L  Upper leg proximal posterior left  
UL_DI_ANT_L  Upper leg distal anterior left  
UL_DI_POST_L  Upper leg distal posterior left  
    
LL_PR_ANT_L  Lower leg proximal anterior left  
LL_PR_POST_L  Lower leg proximal posterior left  
LL_DI_ANT_L  Lower leg distal anterior left  
LL_DI_POST_L  Lower leg distal posterior left  
    
UL_PR_ANT_R  Upper leg proximal anterior right  
UL_PR_POST_R  Upper leg proximal posterior right  
UL_DI_ANT_R  Upper leg distal anterior right  
UL_DI_POST_R  Upper leg distal posterior right  
    
LL_PR_ANT_R  Lower leg proximal anterior right  
LL_PR_POST_R  Lower leg proximal posterior right  
LL_DI_ANT_R  Lower leg distal anterior right  
LL_DI_POST_R  Lower leg distal posterior right  
 
Virtual landmarks  
THORAX_PROX  Midpoint between C7 and STERNUM  
THORAX_DIST  Midpoint between T8 and XIP_PROC  
F_L(R)HIP  Functional hip joint   
F_L(R)KNEE  Functional knee joint   
F_L(R)KNEE_X  Projected landmark offset along functional knee axis  
L(R)LK  Lateral knee joint marker projected onto functional knee axis  
L(R)MK  Medial knee joint marker projected onto functional knee axis  
L(R)ANKLE  Midpoint between MAL_MED_L(R) and MAL_LAT_L(R)  
L(R)TOE  Midpoint between MTH1 and MTH5  
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 Segment definitions (anatomical and technical frames)   
Thorax/Abdomen:  
Origin: Midpoint of the line connecting the ACROM_R and ACROM_L  
Z-axis: Line connecting the Origin and the midpoint of ILCREST_R and ILCREST_L, pointing 
vertically  
Y-axis: Line perpendicular to the Z-axis and a least-squares plane fit to the  
ACROM_L, ACROM_R, ASIS_L and ASIS_R, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z and Y axes, pointing laterally  
Tracking Markers: C7, STERNUM, T8, XIP_PROC  
 
Pelvis:  
Origin: Midpoint of the line connecting ILCREST_R and ILCREST_L  
Z-axis: Line connecting the Origin to the midpoint of the line connecting the GTROC_R and 
GTROC_L, pointing vertically  
Y-axis: Line perpendicular to the Z-axis and a least-squares plane fit to the  
ILCREST_R, ILCREST_L, GTROC_L and GTROC_L, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z and Y-axes, pointing laterally Tracking 
Markers: From ASIS, PSIS, ILCREST  
 
Thighs:  
Origin: Coincident with F_L(R)HJC  
Z-axis: Line connecting F_L(R)HJC to midpoint of the line connecting L(R)LK and L(R)MK, 
pointing upwards  
Y-axis: Line perpendicular to the Z-axis and the plane formed by L(R)LK and  
L(R)MK, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z- and Y-axes, pointing laterally  
Tracking Markers: Upper Leg marker cluster  
 
Shanks:  
Origin: Midpoint of the line connecting L(R)LK and L(R)MK  
Z-axis: Line connecting midpoint of the L(R)LK and L(R)MK and L(R)ANKLE, pointing 
vertically  
Y-axis: Line perpendicular to the Z-axis and the plane formed by the L(R)MK,  
L(R)LK and L(R)ANKLE, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z and Y-axes, pointing laterally 
Tracking Markers: Lower Leg marker cluster  
 
Feet:  
Origin: Coincident with L(R)ANKLE  
Z-axis: Line connecting L(R)ANKLE and the midpoint of the line between  
MTH5_L(R) and MTH1_ L(R), pointing posteriorly  
Y-axis: Line perpendicular to the Z-axis and plane formed by the L(R)ANKLE,   
MTH5_L(R) and MTH1_L(R), projecting vertically  
X-axis: Cross-product of the plane formed by the Z and Y-axes, pointing right  
Tracking Markers: From HEEL, MTH5, MTH1, MAL_LAT  
 
Virtual Feet:  
Origin: Coincident with HEEL_L(R)  
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Z-axis: Line connecting HEEL_L(R) and L(R)TOE, pointing vertically  
Y-axis: Line perpendicular to the Z-axis and plane formed by the HEEL_L(R),  
L(R)TOE & RANKLE, pointing anteriorly  
X-axis: Cross-product of the plane formed by the Z and Y-axes, pointing laterally Tracking 
Markers: HEEL, MTH5, MTH1  
  
Appendix J. Example scatterplots and graphs of risk factors across different task 
Good 
 
F DOM 
ρ = 0.85 
CV = 11.38 SLDVJ, 1.45 SLHOP 
 
M DOM 
p = 0.86 
CV = 2.17 SLDVJ, 7.56 SLHOP 
Moderate 
 
F DOM 
ρ = 0.67 
CV = 0.45 BDVJ, 0.53 SLDVJ 
 
 
M NDOM 
ρ = 0.50 
CV = 0.13 SLDVJ, 0.09 SS 
 
Poor 
 
M NDOM 
ρ = -0.02 
CV = 0.20 BDVJ, 0.13 SS 
 
M DOM 
ρ = 0.06 
CV = 0.60 BDVJ, 0.84 SLHOP 
 
